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Introduction

Particle accelerators are used in a wide variety of fields, ranging from the
basic research to medical and industrial applications. It has been estimated
that more than 30000 particle accelerators are in operation worldwide to-
day [1]. Facilities normally undergo upgrade and maintenance in the course
of their operating period generating important amounts of activated compo-
nents and radioactive waste. Furthermore, all of them will require decommis-
sioning at the end of their life cycle. Hence, a careful study of the processes
governing the amount of radioactivity induced in an accelerator at any one

time is of the utmost importance.

Operating an accelerator leads to nuclear activation of the surrounding
material due to particle interactions in accelerator components, beam trans-
fer line elements and shielding structures. Induced radioactivity can be pro-
duced at all accelerator facilities capable of generating particles above the
reaction threshold of the activation process of interest. The final activation
level will depend on several factors, such as the type of accelerator, the beam
energy and intensity, the radiological history of the machine, the composi-
tion of materials and their location with respect to beam losses. In addition,
activation occurs in the structural material enclosing the accelerators and
may be even produced outside the accelerator enclosure, primarily in ad-
jacent groundwater and soils. The higher the beam energy, the higher the
maximum energy of the secondary radiation, the deeper the induced activity
in the shielding walls of the facility. Material activation constitutes a perma-

nent hazard to the staff and imposes serious restrictions on accessibility to
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the activated equipment for purposes of operation, maintenance, repairs and
decommissioning after the final shutdown. This is why the induced radioac-
tivity at accelerator installations has become one of the major challenges that

radiation protection faces.

The purpose of this thesis work is to study nuclear activation processes ap-
plied to three selected cases: the first CERN accelerator; materials currently
used in accelerator and shielding structures; the forthcoming Linac4 injector
under installation at CERN. Experimental measurements, Monte Carlo and
analytical techniques were used to quantify the radioactivity produced. The
results of this work will make possible a better choice of materials in terms of
reducing activation in future accelerator facilities and allow more exact and

extensive calculations of radioactivity induced in accelerators.

This thesis is structured in six chapters. The first chapter provides an
overview of the physics of proton accelerators of direct interest for the studies
conducted in this work. Some general features, specifications and parameters

of the accelerators are also presented.

The second chapter contains a short review of the physics underlying
the main mechanisms of induced radioactivity at medium and high-energy

proton accelerators.

The third chapter presents the FLUKA Monte Carlo code and the ana-
lytical model JEREMY, the tools used to estimate the residual radioactivity

in the accelerator facilities and materials studied in this work.

The assessment of the consequences of current and future activation of
accelerators asks for a detailed study of the radiological status of shutdown
facilities. The 600 MeV synchro-cyclotron (SC) is the first accelerator that
came into operation at CERN and was operated for 33 years. In chapter 4,
I introduce the results of the residual radioactivity measurements in the SC
shielding walls and their comparison with calculated values. For this pur-
pose I performed detailed in-situ investigations of the activation of shielding
material and of the structural parts of the machine itself and its surrounding
technical infrastructure. For the first time, the reliability of the FLUKA and
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JEREMY codes in predicting radionuclides produced in concrete walls was

tested over such a broad irradiation scenario.

In the first part of chapter 5, I describe the facilities I used for the activa-
tion studies and the calibration of the beam monitor. CERF and H4IRRAD
are two facilities installed in the secondary beam lines of the CERN Super
Proton Synchrotron (SPS). I calibrated the beam monitor by the aluminium
foil activation technique via the 2?Al(p,x)?**Na nuclear reaction. Although
this method has been used in the past, for the first time the contribution
of the competing reaction 2”Al(n,a)?*Na and the recoil nuclei effect in the
aluminium foils were taken into account and carefully quantified for a more
precise calibration. Furthermore, the "*Cu(p,x)*Na reaction as a promising
reaction for beam monitoring was employed. The experimental results and
the advantages of this new monitor reaction are also presented. Therefore, I
describe the activation experiment carried out to calculate the cross sections
of proton- and pion-induced spallation reactions on copper and iron samples.
The cross sections for the productions of 14 radioisotopes in "*Cu and 16
radioisotopes in "*Fe targets are shown. The second part of the chapter is
dedicated to the study of the activation of the soil-shield samples. In partic-
ular, I investigated the mechanism and the probability that the radioactivity
produced in soil and groundwater may transfer from the site of activation
to the environment. Two techniques were used to quantify the amount of

radioactivity leaching in the groundwater.

Exposure of personnel and activation of components can be minimized
by a suitable engineering design and right choice of materials at the design
stage of the facility, provided reliable tools or techniques are available to
predict activation of various accelerator parts. Chapter 6 is dedicated to the
predictions of induced radioactivity in the Linac4, the new 160 MeV proton
injector under installation at CERN for the LHC high-luminosity operation.
In this chapter I discuss the FLUKA simulations I carried out to estimate
induced radioactivity and residual dose rates in the main linac components

after 30 years of foreseen operation. The results of my work will be used
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as guidelines for similar studies aimed at future intermediate-energy proton

accelerators.

I have been author of several reports and publications summarizing the

work mentioned above.

1. P. Carbonez, F.P. La Torre, R. Michaud and M. Silari, Residual ra-

dioactivity at the CERN 600 MeV synchro-cyclotron, Nuclear Instru-
ments and Methods in Physics Research A 694 (2012) 234-245.

. A.Ferrari, F.P. La Torre, G.P. Manessi, F. Pozzi and M. Silari, Moni-
toring reactions for the calibration of high-energy mized hadron beams,

submitted to: Physical Review Special Topics - Accelerators and Beams,
Ref. ZN10088 (2014).

. A. Ferrari, F.P. La Torre, G.P. Manessi, F. Pozzi and M. Silari, Spal-
lation cross sections for " Fe and ™™ Cu targets for 120 GeV/c protons
and pions, submitted to: Physical Review C, Ref. CN10349 (2014).

. J. Blaha, F.P. La Torre, M. Silari and J. Vollaire, Long-term resid-
ual radioactivity in an intermediate-energy proton linac, submitted to:
Nuclear Instruments and Methods in Physics Research A, Ref. NIMA-
D-13-01100 (2013).

These publications are reprinted in the Appendix. I am the corresponding

author of papers 1 and 4, since the major work for these publications was

done by myself in the framework of my PhD thesis.



Chapter 1
Proton accelerators

This chapter provides a short review of the principles of proton accelera-
tors of direct interest for the studies conducted in this work. Some general

features, specifications and parameters of the accelerators are also presented.

1.1 Historical overview

From the discovery of artificial radioactive transformations up to the con-
struction of the first particle accelerators, nuclear physics had at its disposal
only natural sources of high-energy elementary particles. These sources were
isotopes of natural radioactive elements emitting a-particles. Nuclear re-
search was therefore confined to bombardment of elements with one type
of particle and at relatively low energies. Another major obstacle to the
development of nuclear research was the low yield of reactions initiated by
particles from natural sources. Experimental physics was confronted with the
task of building devices which could produce particles with energies initially
comparable with those of the same particles from natural sources and then
with much higher energies and intensities.

The first accelerators in the early 1930’s utilized direct voltage to accel-
erate ions to energies of a few hundred keV. In the electrostatic accelerators,

the particles were accelerated by applying a voltage difference, constant in
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time, whose value fixes the value of the final energy of particles. In this device
the large potential difference is obtained from electrostatic charge stored on
the outer surface of a conducting sphere of large radius. The Van de Graaff
and the Cockcroft-Walton accelerators belong to this class. By using this
kind of machines, Cockroft and Walton were able to accelerate protons to
bombard a lithium target, resulting in the first induced nuclear disintegra-
tions in 1932 [2]. This was the first time that charged particles artificially
accelerated had been used to trigger a nuclear reaction.

The next stage in the development of particle accelerators was the in-
vention of cyclic accelerators. In these machines the accelerating voltage
corresponds to a small fraction of the value of the final energy attained by
the particles. This is obtained by applying the accelerating voltage to the
same particle a large number of times. One obtains a process of gradual
acceleration which is not limited by the maximum voltage drop existing in
the machine.

The various types of accelerators differ essentially in the way the electric
field is produced and how it acts on the particles to be accelerated. Depending
on the trajectories of the particles, that can be straight or curved, we have
linear or circular accelerators. In the first kind, the particles move in a
straight line, passing once through each accelerating gap in the process of
acceleration (linacs); in the second, the particles move in a circle or spiral,
accomplishing a cyclical motion and passing many times through the same
accelerating gaps. Depending on the details of the acceleration process, we

can have cyclotrons, synchro-cyclotrons and synchrotrons.

1.2 Linear accelerators

In linear accelerators (called "linacs") the particles are accelerated by def-
inition along approximately straight trajectories. The particles move along
the axis of a structure with cylindrical symmetry, along which the acceler-

ating fields are also made to propagate. The accelerating structures allow a



1.2 Linear accelerators

continuous transfer of energy to the particles from the electromagnetic waves
and can be obtained either from resonant cavities or from waveguides. The
simplest linear accelerator consists of a series of cylindrical electrodes, called
drift tubes, arranged along the beam axis and connected with alternating
polarity to a radiofrequency (RF) supply. The first design of such an accel-
erator was accomplished by Wideroe in 1929, followed in 1931 by Sloan and
Lawrence [3]. Figure 1.1 shows the schematic of Widerde’s idea for a linear
accelerator. The generator delivers a high-frequency alternating voltage of
the form V() = Vjisin(wt), where V,, is the peak voltage. The RF acceler-
ating voltage applied successively to adjacent drift tubes causes the particle
energy to increase when they pass through the gaps between two consecutive
drift tubes. At transit though the n-th drift tube, the particle of charge ¢

receives an increase of energy
AE, = ngVh = nqV,singg (1.1)

where Vj is the voltage drop across the gap at the instant of the particle
transit and ¢ is the corresponding average RF phase in the gap. After the
n-th drift tube the energy FE, is reached, which for a particle of mass m

corresponds to a velocity
2F,
m

v, = (1.2)

assuming non-relativistic velocities (v < ¢). It is clear that the energy is
proportional to the number of stages n traversed by the particles and the
particle velocity increases from one stage to the next one. In addition, since
the frequency of the alternating voltage must remain constant for all the
tubes, this means that the downstream drift tubes and gaps have to get

longer as the particles get faster.

In principle, there is no limit to the energy to which particles can be
accelerated using this kind of machine. Of course, the higher the final energy
of the particles, the longer has to be the machine or the higher the RF

frequency. So, the ultimate energy is limited by availability of space and in
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RF
Generator

Particle T e— — —— — Accelerated

Figure 1.1: Schematic diagram of the drift-tube type of linear accelerator. The
arrows at the gaps show the direction of the electric field.

order to avoid that the accelerator gets too long, very high frequencies are
used. Linacs consisting of a succession of drift tubes, where the acceleration
only occurs in the gaps between tubes are called discontinuous accelerator.
They are mainly used to accelerate protons and heavy ions. This is the case
of the new CERN linear accelerator, the Linac4, that will replace the old
Linac2 as proton injector of the CERN accelerator complex. Further details
will be presented in chapter 6.

Another important method to accelerate particles is to have electromag-
netic wave propagating inside the accelerating structure. If the electric field
at the point occupied by a moving particle on the average has the direction
of the particle motion and if certain phase relations are satisfied, then the
particles can receive energy from the electromagnetic wave. These types of
machines which make use of waveguides to propagate electromagnetic waves
together with the particles are called continuous accelerators. Linear electron

accelerators belong to this type.

1.3 Circular accelerators

In order to reach higher energies and reduce size and cost of the machine,
it is desirable to drive particles around a circular path using the same acceler-
ating structure many times. In circular accelerators particles are accelerated
by a RF electric field but instead of moving along a straight line as in linacs

they move along a nearly spiral or circular path, guided by a magnetic field
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perpendicular to the orbital plane.

1.3.1 Cyclotrons

The first circular accelerator was the cyclotron, proposed by Lawrence and
Livingstone in 1930. Two years later, they built the first cyclotron suitable
for experiments, with a peak energy of 1.2 MeV [4].

A cyclotron consists of a flat accelerating chamber, housing two or more
hollow electrodes called "dees", as in the first cyclotrons they were D-shaped.
A radiofrequency voltage is applied between the electrodes, so that there is an
alternating electric field in the gap, but no field inside the dees. The vacuum
chamber is placed between the pole expansions of a large magnet which
produces a constant and almost uniform magnetic field perpendicular to the
plane of the dees. Figure 1.2 shows the original cyclotron concept [5]. The
accelerated ions moving in a constant uniform magnetic field, perpendicular
to the initial velocity, are subject only to the Lorentz force F;, = qv x B,
where ¢ and v are the charge and the velocity of the particle and B is the
magnetic field induction. The charged particles experiences a force transverse
to their motion as well as to the direction of the magnetic field, the intensity
of which is proportional to the velocity of the (non-relativistic) particle and
to the field

F=quB (1.3)

Hence the centripetal force which the particles will experience is given by

2

If the magnet produces a strong enough uniform field, the particle moving

perpendicular to the field will follow a circular path of constant radius R

muv
= — 1.
R=" (15)

The time T required to travel one orbit of radius R with constant velocity v
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1. Proton accelerators
source of protons ~ high frequency
QoA accelerating

voltage

high-speed proton beam

Figure 1.2: Schematic diagram illustrating the operation of the classical cy-
clotron; the magnetic field (not shown) is perpendicular to the plane
of drawing.

is
_27TR_27Tm
v ¢B

The revolution frequency for a non-relativistic particle, also called "cyclotron

T (1.6)

frequency" is then given by

1 qB

f===

= 1.
T 2mm ( 7)

In conventional cyclotrons, the cyclotron frequency is usually around 10 MHz
for an RF power of around 100 kW [4]. Accelerated particles are emitted from
an ion source located in the centre of the machine, between the two poles.
Starting from the source, the particles travel in orbits which are bent by
the magnetic field. As their circular path passes through the gap between
the two dees they are accelerated. If in the meantime the RF polarity is
reversed, when the ions turn around and return to the first dee they are
again accelerated. Therefore, the particles are repeatedly accelerated each
time they cross the gap. The orbital radius is initially small since the velocity
is small and as the particles accelerate, they spiral out to a larger radius. The
particles are then extracted, moved out of the magnetic field and channeled

out of the cyclotron. If the particles are extracted at a radius Ry, from
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expression (1.5)
muvy
Rfy=—— 1.8
' =B (1.8)
where vy is the velocity of the particle at extraction. The final energy of the

particle when extracted is then given by

(1.9)

The final energy is inversely proportional to the mass of the particle and
directly proportional to the square of the radius of extraction and to the
square of the magnetic field. High energies require high magnetic fields or
large orbital radii, which require increasing the diameter of the pole expan-
sions. Moreover, the condition for the validity of the classical approximation
for the cyclotron frequency given by equation (1.7), limits the maximum

energy to a few percent of the rest energy of the particles [6,7].

1.3.2 Synchro-cyclotrons

The orbital or cyclotron frequency of a relativistic particle is given by

qB
fr=3
YT

(1.10)

where my is the invariant rest mass of the particle, v is the relativistic factor
given by v = 1/(1 — %)/ and B = v/c is the ratio between the velocity of
the particle v and the light c. The relativistic increase in effective mass, as
the particles approach the velocity of light, causes the particles to slow down
in their orbit relative to the applied frequency and fall out of resonance
with the accelerating voltage so they do not get accelerated anymore and
are eventually decelerated. If the frequency of the RF system is decreased
gradually to be synchronous with the particle velocity as the particle becomes
relativistic, much higher energies can be reached. Accurate tuning of the
frequency modulation creates higher particle stability and the particle losses

in each orbit are reduced. This principle is employed in the synchro-cyclotron,
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a variant of the cyclotron which overcomes the energy limit of the latter. On
the whole the construction of the synchro-cyclotron is similar to the cyclotron
except for the modulated frequency of the RF supply.

In a synchro-cyclotron the particles are not distributed along the whole
trajectory as in a cyclotron, but they may only be accelerated in short pulses,
because the RF can only "pick up" a bunch at the time from the source and
has to guide it through the entire acceleration process until extraction. The
bunches leave the source at a rate equal to the rate of frequency modula-
tion and so the beam produced by the machine is pulsed at the same rate,
leading to a large reduction of the average beam intensity with respect to
the cyclotron. On the other hand, an important advantage offered by the
synchro-cyclotron is that since the orbit stability is greater, the particles
carry out a much greater number of turns and thus it is possible to use a
much lower accelerating voltage.

One of the most important and fruitful accelerators in the history of the
particle physics was the CERN’s 600 MeV synchro-cyclotron (SC). Its con-
struction was started in 1955, applying all the lessons learnt in the previous
accelerators. Unsurprisingly, the machine achieved its target energy imme-
diately after commissioning in 1957. One year later, in 1958, the SC made
one of the most important discoveries in physics by demonstrating the decay
of pions into electrons and thereby confirmed the theory of weak interaction
force. More details will be discussed in Chapter 4.

The limit to the energy which can be obtained is given essentially by
the technical limit to the size and cost of the magnet that can be built in

practice.

1.3.3 Synchrotrons

The principle of the synchrotron was developed independently in 1945
by Veksler in the Soviet Union and by McMillan at the University of Cal-
ifornia. In a synchrotron, particles are accelerated by a RF voltage in a

rising magnetic field, following a circular orbit with constant radius R rather
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accelerating
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tube

deflecting
magnet

injected
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Figure 1.3: Basic layout of the synchrotron. The particle trajectory is controlled
by bending magnets with homogeneous field, while the beam focusing
is performed by specially designed magnets. The acceleration take
place in one or more short RF structures.

than a spiral (Figure 1.3). Contrary to the cyclotron, the synchrotron re-
quires a magnetic field only in the region of the circular orbit along which
particles are accelerated. The vacuum chamber containing the particles is
torus-shaped and the volume is also small enough to permit easier pump
down to ultrahigh vacuum. Hence the electromagnets only have to provide
the field in the beam tube. The annular magnets consist of two ring-shaped
pole pieces and the magnetic circuit is usually closed by a vertical iron yoke.
Their weight increases only linearly and not as a square of the orbit radius,
as in cyclotrons. This makes it feasible to obtain much larger magnetic field
required for much larger particle energies [2]. Alternatively, it is possible to
reach high particle energies with a limited magnetic field, but with a large
orbit radius. The diameters of orbits in modern synchrotrons for very high
energies can reach thousands of meters: the CERN Large Hadron Collider
(LHC) with its 27-kilometre ring of superconducting magnets is the world’s

largest and most powerful particle accelerator.

In the synchrotron, the actual acceleration of particles is accomplished
with gaps (resonators) operating with an RF electric field, obtained by ex-

citing stationary electromagnetic waves in a resonant cavity through which
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the particles pass. In proton synchrotrons, the velocity of the accelerated
protons usually changes within relatively wide limits during the acceleration
cycle. For this reason, the rate of change of frequency must also be synchro-
nized with the rate of change of the magnetic field. These requirements in
a proton synchrotron introduced significant engineering challenges in the de-
sign of the RF modules, and in the design of an oscillator that could handle
high frequencies. As a consequence, acceleration of protons in a synchrotron
was not successfully performed until 1952, five years after the first electron
synchrotron was in operation.

Only the particles which find the right value of the electric field in the
cavity can be accelerated; therefore the operation of this machine is also
pulsed with the period of the magnetic field and the accelerated particles
are bunched. In order to avoid too wide a range of modulation of the radio
frequency, the particles are usually injected into the machine after being pre-
accelerated by means of an auxiliary accelerator called the "injector'. For
example the CERN’s accelerator complex consists of a number of accelerat-
ing structures used as pre-injector for the LHC, with the aim of boost the
energy of the particles along the way. The Super Proton Synchrotron is the
second-largest machine in CERN’s accelerator complex. Measuring nearly 7
kilometres in circumference, it provide up to 450 GeV energy beam for the
Large Hadron Collider (LHC) as well as for many experimental facilities like
H4IRRAD and CERF in the CERN North Experimental Area, used in this

thesis work. These irradiation facilities will be presented in chapter 5.



Chapter 2

Induced radioactivity in proton

accelerators

When materials at accelerators are exposed to stray radiation, they be-
come radioactive decaying by gamma-rays, beta particles and rarely neu-
trons. This radioactivity induced by the radiation produced during the op-
eration of the accelerator remains after the latter has stopped running, often
for several years. It constitutes a permanent hazard to the staff and imposes
serious restrictions on accessibility to the activated equipment for purposes
of operation, maintenance, repairs and decommissioning after the shutdown.
This chapter briefly describes the production mechanisms of induced radioac-
tivity at high-energy proton accelerators. It provides a short review of the
basic principles involved in activation processes and lists the principal ra-
dioactive isotopes generated in accelerator environment and its surrounding

structures.

2.1 Properties of induced radioactivity

If a high-energy hadron interacts with a nucleus, neutrons, protons and
other nuclear fragments may be emitted, converting the struck nucleus to

that of a different isotope, most probably of a different element, which has a

15
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high probability of being radioactive. Some of the secondary particles emitted
in an interaction may have sufficient energy to undergo further interactions
and cause additional activation, thus creating a nuclear particle cascade. In
this process, many nuclei are produced in excited states and de-excite by
emitting neutrons, charged particles or fragments (that can also in turn be
in an excited state) in a so called "evaporation" process, or they may de-
excite by emitting gamma-ray. The hadron cascade continues to produce
radionuclides until their energies of the particles drop below the thresholds
for the nuclear reactions involved or, in the case of exothermic reactions,
until they are captured.

Although the overall amount of radioactivity induced in an accelerator
will depend on the primary beam loss (type, energy and number of lost
particles), the probability of producing a particular isotope will depend on
the composition of the material struck, the spectrum of secondaries produced
and the production cross section of the isotope concerned. The amount of a
radioactive isotope present at any given time will also depend on the isotope
half-life and the time that the accelerator has been in operation, as well as on
the time that the activity has had to decay since operation stopped. Hence
the estimation of induced radioactivity in an accelerator is a very complex

process.

2.2 The activation formula

In principle, induced radioactivity can be produced at all accelerators ca-
pable of generating particles above the reaction threshold of the activation
process of interest. When the accelerated beam strikes a nucleus, the result-
ing nuclear reactions can convert it into a different nuclide, which may or
may not be radioactive.

The most simple activation situation at accelerators is that of the steady
irradiation of some material by a spatially uniform flux density of particles

that begins at time t = 0 and continues at a constant rate for an irradiation
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period that ends at t = ¢;. This is followed by a decay period called the
cooling time, t., a period of time that begins at t = t; and ends at t = t; + ..
For this simple situation, self-absorption of the hadrons by the target is
ignored, as is the fact that a whole energy spectrum of particles might be
incident. Thus the process of producing the radioactivity is characterized by
a single average cross section value, o . In the more complicated generalized
situations the value of this cross section must be obtained from averaging

over the energy spectra of the incident particles [8].

The number of atoms of the radionuclide of interest per unit volume will

thus be governed by the following equation during the irradiation period:

dn(t)
dt

— —n(t) + Nog (2.1)

where n(t) is the number density of atoms (cm™3) of the radionuclide of
interest at time ¢, A is the decay constant (s7!), N is the number density of
"target' atoms (cm™?), o is the production cross section (cm?), ¢ is the flux
density (cm™2s7!) of the incident particles. On the right hand side of the
above equation, the first term represents the loss of radionuclides through
decay during the irradiation while the second term represents the build-up
of radionuclides through the production reaction under consideration. The

equation has the following solution for 0 < t < ¢;:

n(t) = N;\j¢ {1 —exp(—At)} (2.2)

The specific activity induced in the material as a function of time during the

irradiation is given by a(t) = An(t), hence
a(t) = Nop{l —exp(=Mt)} (Bqgem™) for 0<t<t; (2.3)

At the instant of completion of the irradiation (¢t = t;), the specific activity
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n(t)
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Figure 2.1: Radioisotope build-up and decay over time [9].
will be given by
a(t;) = Nog {1 —exp (=At;)} (Bqem™) (2.4)

so that the specific activity as a function of time is characterized by a buildup
from zero to the saturation value equal to No¢ for an infinitely long irra-
diation. After the irradiation has ceased (¢ > t;), the specific activity as a
function of the cooling time, t. = t — t;, will obviously decay exponentially

and be given by the activation equation:
a(t,) = Nog {1 —exp(—Mt;)} {exp (—=M.)} (Bqgem™®) (2.5)

The number of radioactive nuclei produced during the irradiation as a func-
tion of time is plotted in Figure 2.1. In more complex cases, where a spectrum

of energies is involved, more complex integrations need to be performed.
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2.3 Nuclear interactions

At intermediate energies (from a few MeV up to about 50 MeV) various
types of nuclear reactions are involved. The particles entering the nucleus are
capable of knocking out one or more nucleons, or even a part or fragment of
the target nucleus. For instance, with proton induced reactions we find, with
increasing energy, first (p,n), (p,np), (p,2n), (p,«@) and so forth, in which a
neutron, a proton and neutron, two neutrons and an alpha particle (helium
nucleus) are expelled. Each of these reactions begins at the threshold energy,
which is progressively higher than that of the preceding one.

At still higher energies, the picture gets more complicated. The nucle-
ons struck by the incident particle in the target atom obtain enough energy
themselves to travel through the nucleus and to hit other nucleons of the
same atom in the same way, thus giving birth to an "intranuclear' cascade
of fast nucleons. These nucleons can either escape from the nucleus at some
moment or be captured and give up their energy to excite the whole nucleus.
A much wider variety of new nuclei can be formed in this way than by the
channels previously considered, as a result of the large number of cascade
nucleon events which can take place in the nucleus.

Other processes than intranuclear cascades causing spallation or fission
are also observed at high energies. Direct ejection of high energy ions or
light nuclei, called fragmentation reactions, do not fit in the two-step process
outlined and are also observed. Also the production of new particles by high
energy nucleons striking other nucleons or target nuclei is a possible role for
an incident or an intranuclear cascade particle. As an example, m-mesons are
produced by nucleons from 300 MeV upwards, K-mesons from 1 GeV, nucle-
ons and antinucleons from 4.5 GeV. Among these newly generated particles,
the m-mesons, nucleons and antinucleons are able to develop intranuclear cas-
cades in their turn, and eventually 7m-mesons and antinucleons can transfer
their total energy to nucleons in the target nucleus, thus making the number
of all possible products from the nuclear reaction still larger. Clearly there

cannot be a theory or a formula to cover this whole set of phenomena. This
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is what makes predictions in the field of induced activity rather intricate and
difficult.

For high-energy proton and ion accelerators, neglecting secondary reac-
tions and restricting to few- and multi-nucleon transfer reactions can become
a serious deficiency in the accuracy of estimation of induced radioactivity,
because of the rise in importance of such processes as spallation. Below a
kinetic energy of about 40 MeV only few-nucleon transfer reactions are avail-
able. As the energy of the incident particle increases, the number of possible
reaction channels increases, with a corresponding increase in the number of
radionuclides produced. An example of this is shown in Fig. 2.2 for the case
of bismuth when bombarded by protons. The number of radionuclides in-
creases with increasing proton energy. At 40 MeV, only few nucleon transfer
reactions are available, while at 3 GeV the entire periodic table is essentially
available for the production of nuclei lighter than the target. The variety
of radionuclides that can be produced increases as the bombarding energy
increases, because more reaction thresholds are exceeded [10]. As a general
rule, at high energies one must consider that all radionuclides in the peri-
odic table that have mass numbers lower than that of the material exposed
to the flux of hadrons may be produced. Of course, many of these are of
little significance due to their short half-life and small production cross sec-
tions. In fact, the cross sections for producing specific radionuclides are often
nearly independent of the target element [11]. The spallation reaction is the
most important kind of reaction, apart from fission for heavy elements, if
an element is irradiated with high energy particles. This is a violent in-
elastic interaction in the nucleus resulting in the emission of various kinds
and numbers of light particles and fragments and leaving behind a reaction
product that is generally radioactive. The effect of all these different spal-
lation products must be summed up if one wants to make an estimate of
the total induced radioactivity. An important factor entering such estimates
is evidently the production cross section of the various spallation products.

The nuclear cross section for such a reaction approaches the geometric cross
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Figure 2.2: Mass-yield curves (cross section versus Z) for the bombardment of
bismuth by protons of the indicated energies [12].
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section of the nucleus at high particle energies. A review of nuclear interac-
tion cross section suggests an empirical dependence of the interaction cross

section, o, on the atomic mass of the target nucleus A
o =42 A%? x 1073 (barn) (2.6)

which is a good approximation for the cross section for an inelastic collision
by a hadron of energy greater than about 120 MeV [14]. The formula is
valid for proton or neutron induced spallation. This cross section is plotted
in units of barns (1 barn = 107> cm?) as a function of atomic weight of
the target nucleus in Fig. 2.3. High-energy particle nuclear interaction cross
sections for common target materials are listed in Table 2.1.

For very heavy targets, with mass above about 200, the usefulness of the
formula is limited, because of the competition with fission which will depress
the spallation yields. In addition, although the formula does not contain any
explicit cut-off, it is clear that it should not be used below the threshold for

the reaction under consideration.

2.4 Principal radionuclides produced

The isotope remaining after an interaction by a high energy particle with
a nucleus can have an atomic weight of anything up to that of the target
nucleus (or even higher in the case of a capture reaction). The probability
of producing a particular isotope in a given target material, or the isotope
production cross section, depends on the energy (and charge) of the incident
hadron. The relative importance of a particular isotope from the point of
view of its contribution to the dose rate depends on its half-life and on the
radiation emitted when it decays. The common isotopes typically found in
high energy accelerator installations are listed in Table 2.2 together with their
half-lives and decay modes. Approximate cross-sections for the production
of these radionuclides by protons at the high energy limit and approximate

thresholds for selected radionuclides are also provided where available [15].
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Table 2.1: Cross sections for high-energy particle interactions in various target
and shielding materials [13].

Material Inelastic Cross Section Nominal density
(barn) (gem™3)
Beryllium 0.20 1.8
Graphite 0.23 2.0
Water - - 1.0
Concrete - - 2.35
Earth - - 1.8
Aluminium 0.42 2.7
Barytes - - 3.2
Iron 0.70 7.4
Copper 0.78 8.9
Tungsten 1.61 19.3
Platinum 1.78 21.4
Lead 1.77 11.3
Uranium 1.98 19.0

In Table 2.2 only nuclides with half-lives longer than 1 day are listed. Also,
all "pure" 5~ (electron) emitters, i.e. those radionuclides that emit no ~-rays
in their decays, are not listed. 8 (positron) emitters are included due to the
generation of the pairs of 0.511 MeV photons resulting from annihilation of
the positrons with electrons in matter. These photons have to be included
as part of the average gamma radiation emitted in the decay of the isotope
and makes a significant contribution to the gamma dose rate from activated
accelerator components. The radioactive isotopes may also decay through
isomeric transition (IT), e.g. the metastable (isomeric-)state of *Sc, or by
capturing an orbiting electron (EC). The daughter nucleus resulting from
the latter decay may de-excite by emitting gamma radiation as well as the

characteristic X-rays of the new atom.

A large range of different isotopes will normally be present in radioactivity
induced by high energy particle spallation reactions, each isotope having its
characteristic half-life and radiation emission. Providing there are enough

isotopes present, then the average properties of the isotopes concerned will
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Table 2.2: Medium- and long-lived radionuclides commonly identified in materi-
als irradiated around accelerators (adapted from [10,15,16]).

Material  Isotope  Threshold  Half-life Cross Decay
Section mode
(MeV) (mb)
Plastics SH 11 12.33 y 10 B
& Oils Be 2 53.22 d 10 EC
Al as above plus
2Na 30 2.60 y 10 pr
Iron as above plus
4mgGe 2.44 d IT
465 83.8d B~
47Sc 3.35d B~
485 1.82d B~
8y 20 1597 d 6 gt
’1Cr 30 27.7d 6 EC
2Mn 20 5.59 d 30 gt
%Mn 30 312.1d 30 EC
%Fe 2.74 y EC
MFe 44.5 d B~
%6Co 5 77.2d 30 pr
%Co 30 271.7d 30 EC
%Co 30 70.9 d 25 gt
St.Steel asabove plus
PINi 75y EC
%Co 30 527y 15 B~
Copper asabove plus
63Nj 100 y B~

657n 243.7d 100 EC
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be sufficient for determining the "average' amounts of induced activity and
resulting dose rates. Examination of the isotope charts suggests that on
average there are 1.5 v-photons of mean energy 0.8 MeV emitted per decay
of isotopes of half-life between 10 minutes and 2 years and of mass less
than about 60 on the atomic weight scale. In addition, in about 25% of
the decays the daughter nucleus is also likely to be radioactive, making the
effective average photon emission per decay of an induced radioactive isotope
in medium atomic number materials equivalent to 1.9 photons of mean energy
0.8 MeV. Beta particles or positrons are emitted in about 75% of the decays
with an "average" maximum energy in the region of 1.8 MeV. Again, if 25%
of the daughter isotopes are also radioactive and the average energy of a
beta particle or positron is 30% of the maximum, then the average beta or
positron energy emitted per radioisotope decay will be 0.5 MeV [13].

Fig. 2.4 plots the number of radionuclides as a function of half-life, ¢ 2,
that have half-lives less than that particular half-life for several choices of
atomic mass number, A. This corresponds to the distribution of radionu-
clides that could be produced in a target of mass number A irradiated by
high energy hadrons. The straight broken lines drawn in the figure are an
attempt at linearization over this range. As one can see, these cumulative
distributions are well-described for values of half-life between about 10~ and

103 days by a function of the following form:
N(t1/2> =a-+bln (tl/g) (27)

where N(t12) is the number of radionuclides with half-lives less than the

value of £/, and a and b are fitting parameters.

2.4.1 Activation of structural materials

During accelerator operation, radiation is produced when the beam inter-
acts with targets and other accelerator materials. Secondary radiation (e.g.

neutrons, muons and photons) generates additional radiation through atomic
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Figure 2.4: Total number of isotopes having half-lives up to a given half-life as
a function of the logarithm of this half-life for target mass numbers
less than those indicated [8].
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or nuclear interactions, including hadronic and electromagnetic cascades.

Experience to date at high-energy accelerators indicates that the domi-
nant radiological impact on the environment is in the form of prompt radia-
tion [16]. Muons, neutrons and photons dominate the prompt radiation field
affecting the environment in the vicinity of the accelerator. Of these three
components, neutrons are usually the most important. Neutron fields are
quite complicated because neutrons are produced in a variety of reactions
and span a wide energy range. They are not affected by the Coulomb barrier
of nuclei, so they will not be repelled by the electrostatic charge of the target
nucleus and can react at any energy, producing radioactive nuclides. Neu-
trons capture dominates for thermal neutrons, while with increasing energy
reactions of type (n,p), (n,np), (n,2p), (n,a) and so forth, occur. High-energy
neutrons cause spallation reactions that can produce any nuclide lighter than
the target nucleus. Thermal neutrons may cause significant induced radioac-
tivity over and above that caused by spallation reactions on account of the
high capture cross section of some materials for thermal neutrons. These
radionuclides build-up over time from (n,7y) capture reactions, e.g. on trace
amounts of stable Europium, Cobalt and Cesium which are present in con-
crete in concentrations of a few parts per million or less by weight. The
activity concentration of these radionuclides as a function of accelerator op-
erating time is shown in Figure 2.5.

There are many elements in concrete that become activated when irra-
diated by neutrons from a cyclotron target. Fortunately, only a few of the
resulting radioisotopes are long-lived. These are identified in Table 2.3. Nor-
mal concrete is more than 50% by weight oxygen and contains about 30%
silicon, together with various other elements. Activation of oxygen does not
contribute significantly to the long-lived induced activity and activation of
Si is not very different from that of aluminium. The use of heavy concrete
containing barium in target area means a production of long-lived radioac-
tive isotopes. Long-term irradiation of barytes concrete shows the presence

of significant quantities of *3Ba and '37Cs.
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Table 2.3: Medium- and long-lived activation products in concrete and barytes
concrete (derived from [17] and [18]).

Isotope Candidate Production Mechanism Half-life
2Na %Na(n,2n)*Na, #Na(y,n)*Na 2.6y
27Al(n,x)?*Na, 2"Al(p,x)**Na
2Si(n,x)**Na, 28Si(p,x)*Na

45Ca Sc(n,p)**Ca, #Ca(n,y)*Ca 162.3 d
16Sc 45Sc(n,y)*Ca 83.8 d
>Mn Fe(n,p)®Mn, %Mn(n,2n)**Mn 313 d
%0Co Co(n,y)%Co 5.27y
127X e 126X e(n,y) 2 Xe 36 d
131Ba 130Ba(n,y)*'Ba 11.5d

133Ba 132Ba(n,y)3Ba, 1%3Cs(p,n)!33Ba 10.52 y
134Cs 133Cs(n,y)Cs, 3Ba(n,p)'Cs  2.06 y

136Cs 135Cs(n,y)136Cs 13d
137 137Ba(n,p) ¥7Cs, 0Ba(n,y)¥™Ba  30.1 y
152Fy 1Eu(n,y)*Eu 13.5y
B D 193Eu(n,y)"Eu 8.59 y
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Figure 2.5: Build-up of long-term, neutron-induced activity in concrete [17].



Chapter 3

Simulation codes and analytical

models

The present chapter presents an introduction to the Monte Carlo methods
and to the role of random numbers used to calculate approximate solutions
to mathematical or physical problems. It follows a description of the cascade
code FLUKA with an overview of the physical models it uses, underlying
those aspects important for the present work. The analytical code JEREMY,
a tool to estimate residual radioactivity in accelerator facilities and materials,

is also presented.

3.1 Methods for predicting induced radioac-
tivity

The analytical formulation through differential equations of various phys-
ical problems, like those handled in the present work, e.g. particles transport
or radiation interaction with matter, is complicated and, in the most complex
cases, impossible. Usually it takes some approximations to build a reason-
able analytical formulation of the problem. As an alternative, numerical, and
consequently, approximated solutions can be found, but their determination

is heavily affected by the accuracy of the method itself.

29
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Monte Carlo methods have a completely different approach. They use
random sampling to calculate approximate solutions to a mathematical or
physical problem. Often, the complex mathematics needed in many analyti-
cal applications can be avoided entirely by simulations. Thus, Monte Carlo
methods provide extremely powerful ways to address realistic problems that
cannot be solved by analytic techniques. A typical application is the simula-

tion of random processes like, for example, particle-transport methods [19].

Monte Carlo approaches the solution of transport equations without try-
ing to solve all the differential equations describing the problem, but by
making a virtual (mathematical) experiment similar to the real one. Every
single physical event of the cascade is simulated and the particle stories are
tracked. In order to simulate the history of a particle, a description of each
region with its geometrical boundaries and its material composition is re-
quired. This information is usually provided through an input file, while an
adequate description of the cross sections for each isotope is normally con-
tained in the libraries used by the code. Once each event that may happen
to a particle is defined in terms of its associated probability, any required
macroscopic physical quantity can be scored at any point of the mathemati-

cal experiment.

A typical issue that could affect a Monte Carlo simulation is the choice
of the physical models and the accuracy of their implementation. Indeed the
better efficiency of one code over another concerns how the balance between
accuracy and simulation time is reached. In addition, due to the statistical
nature of the Monte Carlo method, the result of the simulation approaches
the exact value of the real physics quantity only as the number of events
treated approaches infinity. Since an actual calculation does not use an
infinite number of particles, but is necessarily truncated after a finite number

of events, results must be considered with some judgment.
The significance of the results found using Monte Carlo simulations may
be improved by using biasing techniques, e.g. the "Splitting" and the "Rus-

sian roulette". With these techniques a different weight is given to those
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trajectories and those regions that are supposed to give the greatest contri-
bution to the physical quantity scored. In the present work, these biasing
techniques have been used for the estimation of induced radioactivity in the

samples irradiated at the CERN H4lrrad beam line, as showed in chapter 5.

3.2 The FLUKA radiation transport code

FLUKA is a general purpose Monte Carlo code capable of simulating
particle interaction and transport in matter of about 60 different particles,
from TeV energies down to energies of thermal neutrons [20,21]. FLUKA is
one of the very few codes available for radiation protection calculations which
is capable to calculate in one and the same simulation proton-proton and
heavy ion collisions over a wide range of energies as well as the entire hadronic
and electromagnetic particle cascade initiated by secondary particles in any
material of accelerator components [22]. This code is integral part of all
radiation protection studies for the design and operation of the accelerator
facilities at CERN. It therefore comprises all features needed in this area of
application.

The capabilities of FLUKA are unique for studies of induced radioactivity,
especially with regard to nuclide production, their decay and the transport
of residual radiation. Particle cascades by prompt radiation and residual
radiation are simulated in parallel based on microscopic models for nuclide
production and a solution of the Bateman equations for activity build-up and
radioactive decay. The decay radiation and the electromagnetic cascade are
marked as such in order to distinguish them from the prompt cascade. This
allows the user to apply different transport thresholds and biasing options
to residual and prompt radiation and to score them independently. Particle
fluence can be multiplied with energy-dependent conversion coefficients to
effective dose or ambient dose equivalent at scoring time. Prompt and resid-
ual dose equivalent can thus be computed in three-dimensional meshes, the

latter for arbitrary user-defined irradiation and cooling profiles.
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FLUKA allows detailed calculations of the radionuclide inventory based
on theoretical models for nuclear interactions and fragmentation. Their im-
plementation in the code has reached unprecedented detail enabling the user
to predict the production of individual radioactive isotopes with high accu-
racy. This achievement has been quantified in a comprehensive benchmark
studies [23-26]. In particular, the capability of FLUKA in predicting in-
duced radioactivity and residual dose rates were extensively benchmarked at
the CERF facility, which is one of the experimental facilities where the work
discussed in the present study has been performed (see Chapter 5).

These are the reasons why FLUKA was chosen in the present work as
Monte Carlo method for predicting induced radioactivity. It presents several

important features, some of which are outlined in the following.

Physical models

Several models are employed in FLUKA for the transport of the dif-
ferent groups of particles in different energy range. Isotope production by
hadronic interactions (except low-energy neutron interactions) is described
in FLUKA by well-tested models, which typically act at different energy
scales. They comprise a sophisticated Generalized Intranuclear Cascade
model including pre-equilibrium emission for energies below a few GeV,
i.e. PEANUT (PreEquilibrium Approach to Nuclear Thermalization); the
Glauber-Gribov approach together with the Dual Parton Model describing
the high-energy (above several GeV) primary interactions with target nu-
cleons; various mechanisms implemented for evaporation, fragmentation, fis-
sion, and de-excitation by gamma emission. Interactions of ions are simulated
through interfaces with different codes based on models applicable in certain
ranges of energy. The transport of neutrons with energies below 20 MeV is
performed by a multi-group algorithm based on evaluated cross section data
(ENDF/B, JEF, JENDL, etc.) binned into 260 energy groups, 31 of which
are in the thermal energy region. Particularly relevant for water, soil and

concrete simulations, low-energy neutron transport is also provided with a
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detailed kinematics of elastic scattering on hydrogen nuclei as well as trans-
port of recoil protons.

Multi-fragmentation is not taken into account in FLUKA which might
pose limitations to the predictions of intermediate and small-mass isotopes
from heavy elements (underestimation of their yield). However, this should
have only little influence on integral quantities such as total activity or dose
rates, since over and underestimates for single elements tend to cancel or

compensate each other.

Combinatorial geometry

The combinatorial geometry used by FLUKA is based on two fundamental
concepts: bodies and regions. Bodies are defined as: convex solid bodies, i.e.
finite portion of space completely delimited by surfaces of first (planes) or
second degree (quadratics); infinite cylinders (circular and elliptical); planes
(half-spaces). An advantage of using infinite bodies is that they make input
preparation and modification much easier and less error-prone.

Complex objects are defined starting from bodies by using the Boolean
operators union, difference and intersection. Each region is not necessar-
ily simply connected, since it can be made of two or more non contiguous
parts, but must be of homogeneous material composition. Defining bodies
and regions with the combinatorial geometry is not an easy task. FLUKA
provides the user with a geometry debugger with the capability of finding
undefined points, i.e. points which are not included in any defined region,
as well as multiple defined points, i.e. points which are included in more
than one region. All the regions are surrounded by an infinitely absorbing
material ("blackhole"), which absorbs all the escaping particles.

A repetition capability ("lattice") is available to avoid the multiple de-
scription of repetitive structures. Only one module has to be defined, which
can be re-iterated as many times as required. This allows defining geome-
tries, containing up to thousands of different regions, by using only a small

number of region and body definitions. Various visualization tools have also
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been integrated into FLUKA thus making it a very powerful tool with many

different capabilities according to the user’s need.

3.3 The JEREMY analytical model

JEREMY is an analytical tool which allows calculating induced radioac-
tivity from the fluence spectra of the radiation field generated by the beam
loss [27]. The approach chosen for the computation is based on two steps.
First, the particle spectra of the radiation environment are calculated via
Monte Carlo simulations with codes like FLUKA. Given these fluence spec-
tra as input, the radioactivity build-up and subsequent decay are calculated
for each isotopes of interest. The radiological characterization calculated

with JEREMY is based on the following assumptions:.

e Irradiation history: this is a critical input parameter for the compu-
tation of the induced radioactivity. In the case of particle accelerators
the main source of the induced activity are beam losses. Since the beam
loss profile should be more or less constant over time, the assumption
of a constant irradiation profile is easily fulfilled for most accelerator
components. However, the induced activity for an arbitrary irradiation
profile can be computed by first approximating the irradiation profile
with an irradiation histogram and then by summing the induced activi-
ties over the time slices of constant irradiation. In order to approximate
the arbitrary irradiation profile sufficiently well, these time slices have

to be chosen fine enough.

¢ Known uniform particle spectra: the spectra of the activating
particles composing the radiation field have to be uniform in the ac-
tivated component for the whole irradiation period. If this is not the
case, the irradiation period and/or the activated component must be
divided into smaller parts until this condition is met or the remaining

non-uniformity is taken into account by treating it as an uncertainty on
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the particle spectra. Uncertainties on these spectra can be propagated

to the computed induced radioactivity.

e Uniform and known material composition: The material compo-
sition, i.e. the mass weight fractions of the chemical elements, must be
uniform within the activated component. If this is not the case, the
sample must be divided into smaller parts until this condition is met or
the remaining non-uniformity is taken into account by treating it as an
uncertainty on the material composition. Uncertainties on the material

composition can be propagated to the computed induced radioactivity.

e Interaction between the radiation field and the isotopes pro-
duced during the irradiation period are not take into account:
this means that the amount of nuclei of the isotopes produced during
the irradiation period has to be very small compared to the amount of

initial material of the component, which is normally the case.

e There is no depletion of the initial material due to the interac-
tions with the radiation field: this means that the amount of nuclei
of the isotopes produced during the irradiation period has to be very
small compared to the amount of initial material of the component.
As a consequence, the capabilities of the JEREMY code to describe
breeding reactions are very limited. This constraint is of no practical

concern for induced radioactivity in particle accelerators.

The flow of information within the JEREMY code for the computation of
the induced activity is shown in Fig. 3.1. The fluence spectra together with
the isotope production cross sections yield the so-called activation matrix.
The fluence spectra for various secondary particles, mainly p, n, v, 7+ and 7,
per primary beam particle can be obtained by Monte Carlo simulations with
codes like FLUKA. The isotope production cross sections for neutrons below
20 MeV have been extracted from the JEFF 3.1.1 library [28]. The isotope
production cross sections for neutrons above 20 MeV as well as for p, n, 7+
and 7~ have been calculated with FLUKA. The decay data used in JEREMY
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Figure 3.1: Flow of information within the JEREMY code for the computation
of the induced activity [29].

has been extracted from the JEFF 3.1.1 library. The idea is to compute the
fluence spectra of the particles in the hadronic cascades via Monte Carlo
simulation and fold them with the cross sections offline. Taking the material
composition of the component into account, the activation matrix can be
used to compute the isotope production rates. The isotope production rates
together with the irradiation history yield the specific activity. If the absolute
scale of the flux of primary particles is not known, the computed specific
activity has to be normalised. The measurement of the specific activity of a
certain gamma emitter or a dose rate measurement can be used to obtain a
proper normalised specific activity.

Standard error propagation assuming Gaussian errors with a given covari-
ance matrix can be used to estimate the uncertainty of the induced activity.
For this method, the derivatives with respect to the parameters of interest are
required. Another possible way to estimate the uncertainty of the induced
activity implemented in JEREMY is to attribute a probability density distri-
bution to every parameter of interest. These probability density distributions
are used to perform a Monte Carlo simulation which yields a distribution for

the induced activity.



Chapter 4

Application to a specific case:
the CERN 600 MeV

synchro-cyclotron

The 600 MeV Synchro-cyclotron (SC) was the first accelerator that came
into operation at CERN in 1957. It provided beams for CERN’s first particle
and nuclear physics experiments and was operated until 1990. This chapter
presents the results of the measurements that I carried out to evaluate the
levels of residual radioactivity after about 20 years of cooling time and their
comparison with both analytical and Monte Carlo calculations. The results
obtained also serve as indirect validation of the capabilities of FLUKA and
JEREMY to correctly predict residual radioactivity with only a very ap-
proximate knowledge of the irradiation profile and after a very long cooling

time.

4.1 The CERN 600 MeV synchro-cyclotron

The 600-MeV proton synchro-cyclotron (SC) was the very first accelerator
designed and built at CERN. The machine started operation in 1957, soon
after CERN was founded. A picture of the CERN synchro-cyclotron after

37
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Figure 4.1: The synchro-cyclotron accelerator in its third year of operation
(September 1959)

three years of operation is shown in Figure 4.1. Apart from an interruption to
undergo a major upgrade in the early 1970s (which included the installation
of a new axial ion source, radiofrequency system, magnet coils and vacuum
chamber), the accelerator had been in operation for 33 years until it was
shutdown in 1990, providing experiments with proton, neutron, muon and
pion beams. During its 33 years of operation the accelerator has produced a

wealth of physics results.

The building housing the synchro-cyclotron rises up on three levels: the
ground floor at the street level housing the top part of the accelerator with
the extraction beam lines; the underground level -1 that accommodates the
bottom part of the machine; the underground level -2 housing the axial sup-

port of the ion source and the hydraulic bearing of the two moving shielded
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walls.

The two experimental rooms were decommissioned within a few years
after shutdown, whereas the shielded vault housing the accelerator has re-
mained untouched to allow for radioactive decay of its components. The
building also served as a storage area for discarded equipment coming from
the dismantled experimental areas.

Induced radioactivity at particle accelerators is an important radiation
safety issue for sorting out radioactive and conventional waste and for po-
tential free-releasing metallic scrap. The main problem twenty years after
shutdown is due to the presence of long-lived radionuclides, their activity
concentration (specific activity) and, to a lesser extent, the related dose rate.
In view of a partial decommissioning of the accelerator and related equip-
ment, a thorough measurement campaign was conducted to evaluate the

levels of residual radioactivity after about 20 years of cooling time [30,31].

4.2 Specific activity in concrete samples

During operation of an accelerator, its building walls and shielding are
activated by secondary particles, mainly neutrons, which are produced by
nuclear reactions on targets or at beam loss points during acceleration, ex-
traction and transport of particle beams. Although the specific activity of the
radioisotopes induced in surrounding materials is generally low, the amount
of activated material could be quite large. For evaluation of radioactivity
induced in the concrete shields, the residual radioactivity was determined by
y-spectrometry.

A total of 11 concrete cores were taken, 9 of which from the walls and 2
from the SC basement. The cores are distributed as follows: 6 at ground level,
where the extraction lines and the machine mid-plane are located (Fig. 4.2);
3 at underground level -1 and 2 at underground level -2. The concrete cores
were 50 cm deep and 5 cm in diameter (Fig. 4.3 - a). Each core was cut in

slices of about 10 ¢m thickness (Fig. 4.3 - b). In all, 44 concrete samples
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were analyzed.

The main radioisotopes found in concrete are 3Ba, °2Eu, %Eu, 137Cs,
60Co. 33Ba and '¥7Cs were detected only in barytes concrete. It is important
to point out that the east, north and south walls at the SC ground floor are
made of "heavy" barytes concrete, which has good shielding properties, but
worst features concerning induced radioactivity. All samples taken from the
barytes concrete walls show some residual radioactivity. Figure 4.4 shows
two samples of barytes concrete and normal concrete. Barytes concrete, on
the left, shows a lighter colour and a more homogeneous structure than the
normal one, due to the fine white aggregate of barytes with a density of about

3.5 g/cm?, larger than the density of ordinary concrete(~ 2.35 g/cm?).

The activation of trace elements (e.g. europium) and of metals in sand
yields long-living radionuclides. These are mainly created by neutron cap-
ture with high cross sections and by threshold reactions with lower yield.
Because of the high %'Eu cross section for thermal neutrons and the long
half-life of %2Eu, this radionuclide is present in large quantities in the acti-
vated concrete. '"?Eu was observed in all concrete samples, without excep-
tion, while only 21 samples contain **Eu. The most probable production re-
actions are '"'Eu(n,y)"?Eu and '»3Eu(n,y)'"*Eu. The several-year half-lives
(t1/2 (*?Eu)= 13.5 y and t;,5 (***Eu)= 8.6 y) and very large capture cross
sections for thermal neutrons greatly enhance the sensitivity with which even
minute concentrations of Eu in the concrete is revealed after many years of

exposure to neutrons.

The presence of the caesium isotopes 37Cs and '3*Cs was also detected
in barytes concrete. The first radionuclide comes from neutron capture on
trace amounts of 13Ba and 3"Ba via the *Ba(n,y)*™Ba reaction and the
137Ba(n,p) 137Cs reaction, whereas '**Cs is produced via the **Ba(n,p)'3!Cs
reaction and the '¥3Cs(n,y)'¥'Cs reaction from trace amounts of '*Ba and
133Cs, respectively. 137Cs was detected in a larger number of samples (29 sam-
ples) compared to *'Cs (8 samples). This gap can be explained by the large
difference in the half-lives: t;/5 (**"Cs)= 30.1y compared to ¢, (***Cs)=2.06y.
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Figure 4.2: Concrete core sampling performed at SC level 0 (ground floor). Con-
crete samples with a specific activity greater than 1 Bq/g are shown
in red, while blue indicates a specific activity lower than 1 Bq/g.
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(a) Concrete core

(b) Concrete samples

Figure 4.3: Concrete cores were 50 cm deep and 5 cm in diameter (a). Each core
was sliced to 10 cm thickness (b).
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Figure 4.4: Comparison between "heavy" barytes concrete (left) and "light" con-
crete samples (right).

It should be noted that although concrete is typically composed of 1.7%
sodium, only a small amount of ?2Na was detected, because of its compar-
atively short half-life (¢1,,= 2.6 y). It is possible that this radionuclide
is produced in ?*Na(n,2n)?*Na reactions, but it may also come from the
2TAl(n,2p4n)?2Na spallation reaction, a reaction frequently used in activation
detectors. A summary of the medium and long-lived activation products in
concrete and barytes concrete has been shown in Table 2.3 of chapter 2.

Figures 4.5, 4.6 and 4.7 show the activity depth profiles of the main ra-
dionuclides observed in barytes concrete collected from the east, south and
north walls, respectively. The most active core was COR-A05, extracted from
the north wall, near the proton transfer line. The results of the gamma spec-
trometry for this sample are given in Tables 4.8 - 4.13. Figure 4.7 indicates
that the specific activity of long-lived radionuclides such as ¥3Ba, 37Cs and
%0Co is the highest at a depth of about 35 cm and decreases to a lower level
over a depth of 45 cm. The maximum activity is 116 Bq/g for ¥3Ba. This
means that fast neutrons from the beam loss point are slowed down inside

the concrete and the thermal neutron component increases up to a depth of
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Figure 4.5: Depth profile of the residual radioactivity in the east wall.

about 35 cm. The europium radioisotopes show a more complicated depth
profile: a peak at a depth of 15 ¢m to 20 cm followed by a decrease, then the
activity seems to increase again to a maximum value at 45 cm. COR-A05
was the only core where 3*Cs and 2?Na were detected. '**Cs has a maxi-
mum value at the surface and then it seems to stay constant. However, the
uncertainty is very large, because of its MDA (Minimum Detectable Activ-
ity). The radioactivity of ?Na induced by fast neutrons is the highest at the
concrete surface and slowly decreases deep into the wall.

The other graphics plot the activity depth profile of the remaining barytes
concrete samples. Only radionuclides induced by thermal neutron capture
reactions, which decrease exponentially with depth, were detected. The at-

tenuation curves of 2Eu and '37Cs are close to each other.

COR-A03 in Figure 4.6 shows a peak of %°Co at 30 cm depth, due to a
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steel bar in the concrete. Indeed, because the concrete is reinforced with steel

bars, some pieces of steel were extracted during the concrete core drilling.
Summarizing, of the 44 concrete samples analyzed, only 24 have at least

one radionuclide with a specific activity higher than 1 Bq/g and all of these

are made of barytes concrete.

4.3 Prediction of residual radioactivity in the

walls

The concentration of the various radionuclides in the core samples was
calculated with FLUKA on the basis of a simplified description of the exper-
imental hall. In fact, even if a detailed description of the cyclotron bunker
and equipment as it was over the 33 years of operation is not feasible, we
will demonstrate that the geometry adopted is good enough to predict with
sufficient accuracy the long-lived isotopes in the SC walls (on the proton ex-
traction side). The whole SC hall (16 x 17 x 7 m®) was modelled together
with the 5.5 m thick North, South and East walls made of barite concrete
and the 4 m thick West wall made of ordinary concrete. Most of the induced
radioactivity in the SC walls was due to the beam losses in the SC extraction
system. The low extraction efficiency (see below) depended mainly on beam
scattering on the iron septum of the extraction channel, on the losses at the
external target, at the exit of the bending magnets and at the entrance of
the proton channel wall [32-34]. In order to simulate the overall beam losses
that occurred in the extraction system, a 600 MeV proton beam impinging
on a 60x100x 100 cm? steel target was used for the FLUKA simulations. The
origin of the coordinate frame of the FLUKA geometry was chosen to be in
the centre of the SC hall, the z-axis coinciding with the beam axis and the
y-axis pointing up, whereas the steel target was placed around the proton
extraction channel, at 5 m distance from the North wall and 3 m from the
East wall. Furthermore, a 150x40x 100 cm?® wall made of ordinary concrete

was placed between the target and the East wall to simulate the brick wall
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Steel target

Figure 4.8: Three-dimensional view of the SC geometry used in the FLUKA
simulations. The picture was obtained using SimpleGeo [35].

shielding the East side [30]. Figure 4.8 shows the FLUKA geometry used in

the simulations.

The elemental composition of the barite concrete used in the simulations
is given in Table 4.1. The full hadronic cascade was simulated in the target
and in the concrete, including particles backscattered from the walls. The
electromagnetic component of the radiation field was disregarded, as its con-
tribution to induced radioactivity is minor as compared to that caused by the
hadronic component. Neutrons were transported down to thermal energies;
for all other hadrons a threshold of 1 keV was used. Residual nuclei pro-
duction was treated using the new evaporation model of FLUKA and taking

into account heavy fragment evaporation and coalescence mechanism.

The SC performance data were retrieved from the many status reports [36—

41]. Above all, Allardyce et al. [39] declared an extraction efficiency ranging
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Table 4.1: Composition of the barite concrete wall (density 3.2 g/cm?), in mass
fractions.

Element Ba O Ca Fe S Si H Al Na Mg Cs Co Eu

(Wt-%) 45 40 5 5 25 1 07 05 03 02 5E4 1E4 5E-5

between 5 - 7% for the SC1 and one order of magnitude higher (50 - 70%) for
the SC2 after the Improvement Programme. Since the SC1 internal beam
current was about 1 pA (~ 6.24E+12 p/s) and 1.5 pA (~ 9.36E+12 p/s)
for the SC2 (this is an average value versus a nominal value of 10 pA), we
calculated a beam loss of 5.8E+12 p/s for the SC1 operational period and
3.12E+12 p/s for the SC2. As from 1978 the SC was used to accelerate heavy
ion as well. Since the ion intensity was less than that of protons by a factor
of up to 5 [41] and ions were accelerated just for a few years, only the proton

beam irradiation profile was considered in the FLUKA simulations.

For each concrete region two types of scoring were used. In one case, the
production of residual nuclei and their radioactive decay were performed by
FLUKA in the same run. The RESNUCLEI card scored the residual nuclei
produced in inelastic interactions, while the radioactive decay was calculated
using the RADDECAY, DCYSCORE, DCYTIMES and IRRPROFTIle cards,
taking into account the decay chains and build-up of isotopes, and the irradi-
ation profile. The data files produced were then post-processed to obtain the
specific activity, since the mass of the scored region had to be obtained from
its volume and the density of the barite concrete. The USRSUW routine was
used to read results in binary form and to compute standard deviations over

several runs.

In the second case, FLUKA calculated only the particle spectral fluences
that were used as input data into JEREMY. The differential distributions of
the energy fluence of protons, pions, neutrons and low-energy (E < 20 MeV)
neutrons were scored separately for all concrete samples and the results were
written into output files (JEREMY input files). The USTSUW routine was
used to read the USRTRACK results in binary form from several runs and
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to compute statistical uncertainties.

4.4 Results and discussion

This section compares the calculated and measured specific activities for
each concrete core. The experimental results [30], the simulation results and
their ratios are summarized in Tables 4.2 - 4.7 (for the concrete sample A-
04), Tables 4.8 - 4.13 (sample A-05), Tables 4.14 - 4.19 (sample A-06) and in
Figure 4.9. The quoted errors include statistical and systematic uncertainties
of the gamma spectrometry measurements as well as statistical uncertainties
in the FLUKA and JEREMY simulations. It can be observed that, even if the
uncertainties in the FLUKA input values (irradiation conditions, geometry,
concrete elemental composition, etc.) are quite large, the agreement between
calculated and measured activities is rather good, in most cases within a
factor of 2.

A rather remarkable agreement is found between the measured and calcu-
lated values of residual radioactivity for the A-04 and A-06 samples through-
out their thickness (50 cm). At their location in the vault, the particle
spectrum is dominated by the thermal neutron component and the residual
activity decreases exponentially with depth in the shield.

A different picture is observed for the activity depth profile in the A-05
concrete core, collected where the fast neutron component dominates the
particle spectrum. The residual radioactivity in the core surface is particu-
larly well reproduced by the codes, but a striking difference is noted as from
a depth of 25 cm in the wall (Figure 4.10 for **Ba). Here a fast neutron com-
ponent coming from beam losses not only in the cyclotron extraction channel
but also in the bending magnet and in the beam pipes traversing the wall
in the A-05 sample area, are slowed down inside the concrete, increasing the
thermal neutron component up to a depth of about 35 cm. These particular
beam loss conditions were not taken into account in detail in the FLUKA

calculations, which can explain the discrepancies observed between measured
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and calculated values in the A-05 sample as from a depth of 25 cm.

Residual radioactivity of 1?3Ba is well described by the codes as shown
in Figure 4.10 and Figure 4.11. This radionuclide was measured with high
accuracy [30] since it was the most active one and except for the A-05 sample,
measured and calculated values are within a factor 2 for both codes. Cesium
radionuclides are generally well reproduced by FLUKA, whereas JEREMY
underestimates 3*Cs and shows very little reliability in the calculation of
the residual activity of '¥"Cs, underestimating it by up to a factor of 100.
This could be due to problems with the processing of the JEREMY cross
section database [27, 28], which is currently under revision. The predicted
values of %?Eu and '**Eu match the measured ones within a factor of 2 for
FLUKA and within a factor of 4 for JEREMY. Larger discrepancies can be
observed for deeper samples (from a depth of 30 cm). A possible reason is the
variable length of the actual samples measured by gamma spectrometry. The
FLUKA calculations were performed assuming that all samples had the same
dimensions (10 cm thick), whereas the real samples have an average thickness
varying from 5 to 15 cm. The remaining isotopes, ®°Co and ??Na, are well
described by the calculations, in spite of the very low residual radioactivity
left after 20 years of cooling. Uncertainties in the elemental composition are
expected to be the main reason for the discrepancies.

The complete gamma spectrometry results of the samples and more de-
tails on the CERN synchro-cyclotron decommissioning work can be found in
Refs. [30,31,42,43] and in the first paper of the Appendix.
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Figure 4.11: Depth profile of the measured and calculated activity of !*3Ba in
the East wall (A-04 core sample).

Table 4.2: Comparison of calculated and measured specific activity in the A04
sample from 0 to 10 cm depth.

Isotope  ty/9 FLUKA JEREMY Experiment  FLU./Exp. JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)

2Na 2.6 0.0010 = 3E-4 0.003 £ 0.001 < 0.004 / /
60Co 5.27  0.017 £ 0.004 0.030 &+ 0.004 0.009 + 0.002 19+06 35+1.0
133, 10.5 5.5 + 0.2 5.8 + 0.4 3.0+04 1.8+ 0.3 1.9+ 0.3
134Cs 2,06 0.004 + 0.001 0.002 4 0.001 < 0.006 / /
137Cs 30.1 0.46 £ 0.05  0.010 + 0.002  0.34 + 0.05 1.4+ 03 0.03 +0.01
152Ey 13.5 0.90 £+ 0.05 2.3+0.2 0.63 £+ 0.06 14+ 0.2 3.6+ 0.5
154y 8.59 0.04 £0.01  0.080 & 0.005 0.04 + 0.01 1.0 £ 0.3 1.9+ 04
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Table 4.3: As in Table 4.2, for the A04 sample from 10 to 20 cm depth.
Isotope t1/2 FLUKA JEREMY Experiment FLU./Exp. JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6  0.0010 + 3E-4 0.002 + 0.001 < 0.006 / /
50Co 5.27  0.006 + 0.002 0.019 £+ 0.003 0.006 £ 0.001 1.1 + 0.4 3.1+ 06
133Ba 10.5 3.3+£0.2 3.4+ .2 2.0+ 0.2 1.6 £ 0.2 1.7+ 0.2
134Cs 2.06  0.0020 &+ 5E-4 0.0010 + 6E-4 < 0.003 / /
1370 30.1 0.30 £ 0.04  0.007 £ 0.001  0.17 &+ 0.02 1.7+ 0.3  70.04 + 0.01
152Fy 13.5 0.65 + 0.04 1.5+ 0.2 0.64 + 0.06 1.0 £ 0.1 2.3 +0.3
154y 8.59 0.03 £0.01  0.045 + 0.004 0.030 £ 0.004 0.9 + 0.3 1.3+ 0.2
Table 4.4: As in Table 4.2, for the A04 sample from 20 to 30 cm depth.
Isotope t1/2 FLUKA JEREMY Experiment  FLU./Exp. JER./Exp.
(years) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6 0.0010 + 3E-4 0.0010 + 5E-4 < 0.006 / /
60Co 5.27  0.009 + 0.003 0.007 &+ 0.001 0.004 £ 0.002 2.3+1.2 1.9+ 0.9
133Ba 10.5 1.6 £ 0.1 1.4+ 0.1 1.3+0.2 1.2 +0.2 1.1 +£0.2
134Cs 2.06  0.0010 &+ 3E-4 4E-4 + 2E-4 < 0.005 / /
1370 30.1 0.26 + 0.03 0.05 + 0.005 0.11 + 0.02 234+05 0.04+0.01
152Fy 13.5 0.30 £+ 0.03 0.60 £ 0.05 0.28 + 0.03 1.1 +0.2 2.1+0.3
154y 8.59  0.009 + 0.005 0.017 £ 0.006 0.010 + 0.006 1.1 +0.8 1.9+ 1.2
Table 4.5: As in Table 4.2, for the A04 sample from 30 to 40 cm depth.
Isotope  ty/5 FLUKA JEREMY Experiment FLU./Exp. JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6 5E-4 + 2E-4  0.0010 & 5E-4 < 0.004 / /
60Co 5.27  0.001 £ 0.001 0.0030 + 5E-4 0.003 £ 0.001 0.3 £0.3 1.0 £ 0.5
133Ba 10.5 1.0 £ 0.1 0.58 £+ 0.05 0.8 £0.1 1.3+ 0.2 0.7 £0.1
134Cs 2,06  8BE-4 4+ 2E-4 2E-4 + 1EA4 < 0.005 / /
1370 30.1 0.20 + 0.03  0.0030 + 5E-4  0.08 + 0.01 25+ 05 0.04 +0.01
152Fy 13.5 0.15 &+ 0.02 0.24 + 0.02 0.24 + 0.03 0.6 + 0.1 1.0 £ 0.1
154py, 8.59  0.005 £+ 0.003 0.007 £+ 0.001 0.015 + 0.007 0.3 £ 0.2 0.5+ 0.2
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Table 4.6: As in Table 4.2, for the A04 sample from 40 to 50 cm depth.

Isotope  t1/2 FLUKA JEREMY Experiment FLU./Exp. JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)

22Na, 2.6 5E-4 + 2B-4  TE-4 + 2E-4 < 0.005 / /
60Co 5.27 / 0.002 + 5E-4 < 0.004 / /
1338, 10.5 0.60 + 0.05 0.30 £0.03 036+004 1.7+03 08+0.1
1340 2.06  0.0010 &+ 2E-4 2E-4 & 1E4 < 0.005 / /
137Cs 30.1 0.13 £0.02 0.0020 = 3E-4 0.05+0.01 28=+0.7 0.05=+0.02
152Fy 13.5 0.04 £ 0.01 0.12+0.01 0.07+0.01 0.6 +0.2 1.7+ 0.3
PiEu  8.59 / 0.0030 + 5E-4 < 0.001 / /

Table 4.7: As in Table 4.2, for the A04 sample from 50 to 60 cm depth.

Isotope  t1/o FLUKA JEREMY Experiment  FLU./Exp. JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)

22Na, 2.6 1E-4 + 1E-4  5E-4 4 2E-4 < 0.006 / /
50Co 527  0.001 £ 0.001 9E-4 + 5E-4 < 0.004 / /
1338 10.5 0.50 £ 0.05 0.18 + 0.02 0.5+ 0.1 1.0 £ 0.2 0.4 40.1
1340s 2.06 5E4+1E4  4E-5 £ 2E-5 < 0.005 / /
137Cs 30.1 0.08 £ 0.02 0.0020 + 4E-4  0.06 £+ 0.01 1.4+04 0.03+0.01
152Fy 13.5 0.04 + 0.01 0.07 4+ 0.02 0.19 4+ 0.02 0.204+0.06 0.4 4+0.1
PiEu  8.59 / 0.0020 & 5E-4  0.013 4 0.007 / 0.2 +0.1

Table 4.8: As in Table 4.2, for the A05 sample from 0 to 5 cm depth.

Isotope  ty/9 FLUKA JEREMY Experiment FLU./Exp.  JER./Exp.
(vears)  (Ba/g) (Ba/g) (Ba/g)

22Na, 2.6 0.03+0.01 0.04+001 0.06=+0.02 05+0.2 0.7+ 0.3
60Co 527 0.09+0.01 0.11+0.01 0.094+0.01 1.0=+0.2 1.2+ 0.2
133Ba, 10.5 37+ 2 30 + 2 33+ 4 1.1+ 0.1 09 +0.1
134Cs 2.06 0.04 £0.01 0.010 £0.005 0.04+0.01 1.0=+0.3 0.3+ 0.2
1370 30.1 6.4 +0.5 0.07 £ 0.02 8.6+ 1.2 0.7+ 0.1 0.010 &+ 0.005
152Fy 13.5 3.0+ 0.2 7.7+ 0.6 1.9+ 0.2 1.5 £+ 0.2 3.8+ 0.6
154Ey 859 0.19+0.03 0.30+0.03 0.10+0.02 1.9=+0.6 3.0+ 0.9
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Table 4.9: As in Table 4.2, for the A05 sample from 5 to 15 cm depth.
Isotope  t1/5 FLUKA JEREMY Experiment FLU./Exp.  JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6  0.020 +0.005 0.04+0.01 005+002 04=+0.1 0.8 + 0.4
50Co 5.27 0.10 &+ 0.01 0.154+0.02 0.09+0.01 1.1+02 1.7+0.3
133Ba 10.5 38 £ 2 37+ 2 59 + 6 0.6 £0.1 0.6 £0.1
1340 2.06 0.04 £ 0.01  0.010 £ 0.006 0.03 +0.01 1.4+ 0.5 0.4+ 0.3
1370 30.1 6.0 + 0.4 0.08 + 0.01 9.8 +1.3 0.6 +£0.1 0.010 + 0.005
152Fy 13.5 4.8+ 0.2 11+1 7.6 £ 0.7 0.6 + 0.1 1.5 £0.2
154y 8.59 0.26 £ 0.03 0.38 £0.03 0.39+0.05 0.7+0.2 1.0 £ 0.2
Table 4.10: As in Table 4.2, for the A05 sample from 15 to 25 cm depth.
Isotope  t1/5 FLUKA JEREMY Experiment FLU./Exp. JER./Exp.
(years) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6 0.020 & 0.005  0.04 & 0.01 < 0.02 / /
60Co 5.27 0.07 + 0.01 0.10 £ 0.02 0.14 £0.02 0.5+0.1 0.7+ 0.2
133Ba 10.5 29 £+ 2 25 4+ 2 71+£8 0.40 £ 0.06  0.30 £ 0.05
1340 2.06 0.04 +£ 0.01  0.006 + 0.003 0.03 +0.02 1.2 +0.7 0.2+ 0.2
1370 30.1 5.5+ 0.4 0.08 £+ 0.01 108+ 1.5 05+0.1 0.007 £+ 0.003
152Fy 13.5 3.14+0.1 79+ 0.7 13+1 0.24 4+ 0.04 0.6 + 0.1
154py 8.59 0.19 + 0.03 0.24 + 0.03 0.7+ 01 0.30=+0.05 0.33+0.07
Table 4.11: As in Table 4.2, for the A05 sample from 25 to 30 cm depth.
Isotope  ty/5 FLUKA JEREMY Experiment FLU./Exp.  JER./Exp.
(years) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6  0.020 +0.005 0.03+0.01 0.03+002 0.7+06 1.1 £0.9
0Co 527  003+£001  0.06+001 0.16=£0.02 020+008 04£0.1
%Ba 105 24 +1 16 +1 86+9  028+003 018+ 0.03
BiCs 206 0.030 £0.05 0.003£0.002 0.03+0.01 1.0+05  0.10 %+ 0.08
BTCs  30.1 52+ 0.5 0.07£0.01 132418 0.40 + 0.07 0.005 + 0.001
P2Eu 135 2.1 402 5.0 + 0.4 101 0204 0.03 0.50 + 0.08
154py 8.59 0.10 + 0.02 0.15+ 0.01  0.50 + 0.07 0.20 &+ 0.06 0.3+ 0.1
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Table 4.12: As in Table 4.2, for the A05 sample from 30 to 40 cm depth.

Isotope  t1/2 FLUKA JEREMY Experiment FLU./Exp. JER. /Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6  0.0154+0.005 0.034+0.01 0.03+002 05404 1.0 £ 0.8
60Co 5.27  0.020 £ 0.005 0.04 £0.01 0.21 =0.03 0.10 & 0.03 02 +0.1
133Ba, 10.5 20+ 1 11+1 116 £ 13  0.18 £0.02  0.10 &+ 0.01
134Cs 2.06 0.03 +0.01  0.002 4+ 0.001 0.034+0.01 1.0+0.5 0.07 & 0.05
137Cs 30.1 43405 0.06 £ 0.01 1754+ 24 0254 0.05 0.004 £+ 0.001
152y 13.5 1.5 £ 0.1 3.5+ 0.3 12 +1 0.12 +0.02  0.30 £+ 0.05
154y 8.59 0.05+0.01 010 £0.02 06401 0.10+0.03 0.20 % 0.05
Table 4.13: As in Table 4.2, for the A05 sample from 40 to 50 cm depth.
Isotope  t1/o FLUKA JEREMY Experiment FLU./Exp. JER. /Exp.
(years) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6  0.0154+0.005 0.024+0.01 0.02+0.02 0.7+0.8 1.2+ 1.5
60Co 5.27  0.025 £ 0.005 0.03 £0.01 0.22+0.03 0.114+0.03 0.14 £ 0.05
133Ba, 10.5 16 £1 8+ 1 98 £ 10  0.17+0.05  0.08 & 0.02
134Cs 2.06  0.025 + 0.005 0.002 £ 0.001 0.03 £0.01 08404 0.05 + 0.04
137Cs 30.1 3.8+ 0.2 0.05+0.01 157421 0244 0.04 0.003 £ 0.001
152y 13.5 1.1 £0.1 2.5 4+ 0.2 20.5 +2.1 0.05+0.01 0.12 4+ 0.03
154y 8.59 0.07 4 0.02 0.08 &+ 0.01 1.0+0.1 0.074+0.02 0.08 4+ 0.02

Table 4.14: As in Table 4.2, for the A06 sample from 0 to 5 cm depth.

Isotope  ty/9 FLUKA JEREMY Experiment FLU./Exp.  JER./Exp.
(years) (Ba/g) (Ba/g) (Ba/g)
22Na, 2.6  0.002 £+ 0.001 0.002 + 0.001 0.003 +0.002 0.7+ 0.5 0.7+ 05
60Co 5.27  0.009 + 0.004 0.020 £ 0.005 0.012 4 0.002 0.8 & 0.3 1.8 £04
133Ba, 10.5 4.7 £0.2 45+ 0.3 43 +£0.5 1.1+ 0.1 1.0 +£ 0.1
134Cs 2.06  0.003 4+ 0.001 0.002 4 0.001 < 0.003 / /
1B7Cs 30.1 0.5+ 0.1 0.010 & 0.002 0.7+ 0.1 0.7+ 0.2 0.010 + 0.005
152y 13.5 0.7+ 0.1 1.6 +£ 0.2 0.7+ 0.1 1.0 £ 0.2 23+04
154y 8.59 0.05 + 0.01 0.06 &+ 0.01 0.04 £+ 0.01 1.2+ 04 1.5+ 04
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Table 4.15: As in Table 4.2, for the A06 sample from 5 to 15 cm depth.
Isotope  t12 FLUKA JEREMY Experiment FLU./Exp.  JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6 0.002 & 0.001 0.002 & 0.001 < 0.003 / /
60Co 5.27  0.015 £ 0.004 0.020 + 0.005 0.012 + 0.003 1.2+ 0.4 1.8+ 0.5
133Ba 10.5 4.0 £0.2 414 0.3 3.5 4+ 0.4 1.1 £0.2 1.1 +£0.2
134Cs 2.06  0.003 + 0.001 0.002 + 0.001 < 0.006 / /
1370 30.1 0.40 +£ 0.05  0.006 £+ 0.002  0.55 + 0.08 0.7+ 0.2 0.010 + 0.005
152Fy 13.5 0.65 £ 0.05 1.7+ 0.2 0.60 £ 0.06 1.1+ 0.2 29 +0.5
154y 8.59 0.03 £ 0.01 0.05 £+ 0.01 0.03 £ 0.01 1.0+ 0.3 1.6 + 0.5
Table 4.16: As in Table 4.2, for the A06 sample from 15 to 25 cm depth.
Isotope  t1/5 FLUKA JEREMY Experiment FLU./Exp. JER./Exp.
(years) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6 0.002 4 0.001 0.0010 + 4E-4 < 0.002 / /
60Co 5.27  0.006 £ 0.002 0.010 + 0.002 0.006 + 0.002 1.0 + 0.4 1.8 £0.5
133B4, 10.5 2.0 +£0.2 2.0 £0.2 2.5+ 0.3 0.8 £0.1 0.8 £0.1
134Cs 2.06  0.002 + 0.001 5E-4 + 3E-4 < 0.002 / /
1370 30.1 0.20 £ 0.05  0.004 &+ 0.001 0.4+ 0.1 0.5+ 0.1 0.010 &+ 0.005
152Fy 13.5 0.33 £ 0.03 0.9 £0.1 0.7+ 0.1 0.5+ 0.1 1.2+ .2
154y 8.59 0.03 £ 0.01 0.03 £ 0.01 0.04 £+ 0.01 0.7+ 0.3 0.7+ 0.3
Table 4.17: As in Table 4.2, for the A06 sample from 25 to 30 cm depth.
Isotope  ty/5 FLUKA JEREMY Experiment  FLU./Exp.  JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)
22Na 2.6 / 0.0010 + 3E-4 < 0.005a / /
60Co 5.27  0.002 £ 0.002 0.005 + 0.001 0.004 £ 0.003 0.5+ 0.6 1.3 +£0.9
133B4, 10.5 1.2 +£0.1 09 +0.1 1.8 £ 0.2 0.6 £0.1 0.5+0.1
134Cs 2.06  0.002 + 0.001 2E-4 + 1E-4 < 0.008a / /
1370 30.1 0.24 £0.04 0.004 +£0.001  0.33 +0.05 0.8 £0.2 0.010 £+ 0.005
152Fy 13.5 0.15 + 0.03 0.42 + 0.05 0.6 £ 0.1 0.25 + 0.05 0.7 £ 0.2
P4Eu 8.59 / 0.012 +£ 0.004  0.02 & 0.01 / 0.6 + 0.2
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Table 4.18: As in Table 4.2, for the A06 sample from 30 to 40 cm depth.

Isotope  ty/9 FLUKA JEREMY Experiment  FLU./Exp.  JER./Exp.
(vears) (Ba/g) (Ba/e) (Ba/g)

22Na 2.6 3E-4 + 2E-4 7E-4 4+ 3E-4 < 0.004a / /
60Co 5.27  0.001 + 0.001 0.003 £ 0.001 0.003 &+ 0.001 0.4+ 04 1.0 £ 0.6
133B4, 10.5 0.9+ 0.1 0.5+ 0.1 1.3+0.2 0.7+ 0.2 0.4+ 0.1
134Cs 2.06  0.001 +0.001 1E-4 + 1E-4 < 0.006a / /
B7Cs 30.1 0.15 £ 0.03 0.003 4+ 0.001 0.27 £0.05 0.6+ 0.2 0.010 & 0.004
152Ey 13.5 0.08 & 0.02 0.22 4+ 0.05 0.26 4+ 0.03 0.3+ 0.1 0.8 +0.2
PiEu  8.59 / 0.006 & 0.001 0.015 + 0.005 / 0.4+ 0.2

Table 4.19: As in Table 4.2, for the A06 sample from 40 to 50 cm depth.

Isotope  ty/9 FLUKA JEREMY Experiment FLU./Exp.  JER./Exp.
(vears) (Ba/g) (Ba/g) (Ba/g)

2Na 2.6 3E-4 £ 2E4 5E-4+2E4 < 0.005a / /
60Co 5.27  0.002 + 0.001 0.0010 + 4E-4 < 0.005a / /
133B4, 10.5 0.66 &+ 0.05 0.27 4+ 0.05 1.0 £ 0.1 0.7+ 0.1 0.3+ 0.1
134Cs 2.06  0.001 +0.001 1E-4 + 1E-4 < 0.006a / /
137Cs 30.1 0.09 + 0.02 0.02+ 001 022+004 04401 0.009+ 0.004
152Ey 13.5 0.04 + 0.01 0.11 £0.02 0.12+0.02 04+0.2 0.9+ 0.3
154y 8.59  0.005 #+ 0.003 0.003 £ 0.001 < 0.0la / /




Chapter 5
Activation experiments

This chapter describes the activation experiments carried out at the
CERF and H4IRRAD facilities at CERN. Natural iron and copper samples
were activated in order to provide proton- and pion-induced spallation cross
sections at 120 GeV/c for the production of 14 radioisotopes in "*Cu and
16 radioisotopes in "*Fe target. These spallation reactions are of direct rel-
evance in activation studies, since copper and iron are commonly employed
in high-energy particle accelerators and their surrounding structures. The
accuracy of these measurements is strongly dependent on careful calibration
of the beam monitor. For this reason the ionization chamber (IC) used as
beam monitor was calibrated with the foil activation technique using the
2TAl(p,3pn)?'Na and the "**Cu(p,x)**Na monitor reactions. The focus is on
the specific conditions of mixed high energy beams, but the conclusions are
obviously valid for a beam composed of a single particle type. First, the ac-
tivation of hyperpure aluminium foils is discussed, focusing the attention on
the different parameters on which the activation process critically depends.
Then the alternative "*Cu(p,x)*!Na reaction is investigated, highlighting the
features that makes it an ideal reaction for beam monitoring and its main
advantages if compared to the 2"Al(p,3pn)?Na. The experimental results
are also compared with FLUKA Monte Carlo simulations. The second part

of the chapter is dedicated to the activation of the soil-shield samples at
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the HAIRRAD facility. Two leaching procedures were used and compared to
quantify the radioactivity leached from the activated soil into the groundwa-
ter. The results of the gamma spectrometry and liquid scintillation analyses
are presented. The amount of tritium coming from the soil moisture and
the soil bulk was also estimated. In order to validate the FLUKA capabil-
ity in predicting the production of radioactivity in this specific context, the

simulation results were benchmarked by the experimental results.

5.1 Irradiation at the CERF facility

The CERN-EU high-energy Reference Field (CERF) [44] facility is in-
stalled in one of the secondary beam lines (H6) from the Super Proton Syn-
chrotron (SPS), in the North Experimental Area on the Prevessin (French)
site of CERN (see Figure 5.1). A positive hadron beam (61% pions, 35%
protons and 4% kaons) with momentum of 120 GeV /c is stopped in a copper
target, 7 cm in diameter and 50 cm in length. The beam is delivered to
the facility with a typical intensity in the range 10° to 10® particles per SPS
spill. The beam extraction time is presently about 10 s over an SPS cycle
of about 45 s. In the secondary beam areas (SBA) of CERN Super Proton
Synchrotron (SPS) the beam monitoring is commonly carried out via ioniza-
tion chambers (IC). The high energy beams are characterized by a current
varying between a few fA and tens of pA. These currents are too low to al-
low using beam current transformers (BCT) and secondary electron emission
monitors (SEEM), whereas scintillators are used only in the lower part of the
intensity range to avoid saturation issues, and Faraday cups (FC) cannot be
used for on-line monitoring. Therefore ICs remain one of the best solutions,
coupled with a special electronics designed to deal with the very low currents
produced during the beam spill. A specificity of the CERN SBAs is that the
beams are usually mixed particles (e.g. protons, pions and kaons for positive

polarity). The relative percentages depend on the beam energy [45].
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Figure 5.1: Schematic view of the SPS North Experimental Area with the CERF
and the HAIRRAD facilities (adapted from [46]).
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5.1.1 The Ionization Chamber (IC)

The ionization chamber (IC) used as beam monitor at CERF is a sim-
ple parallel-plate, transmission-type ionization chamber with a diameter of
185 mm [47]. The chamber has five parallel electrode plates made of Mylar,
of 2.5 mg/cm? thickness and 17 mm inter-plate spacing. The central plate
is the collector and the ones on either side are the polarity electrodes. A
schematic view of the monitor is shown in Figure 5.2. The inter-plate spac-
ing (17 mm) has been derived from an industrial computer tomography scan
performed at CERN [48]. The voltage on the plates is supplied through a
BNC cable by an external battery. The polarization voltage provided by
this battery is about -270 V. The beam traverses 34 mm of air at atmo-
spheric pressure in the sensitive part of the chamber. The IC is mounted on
a standard pedestal normally used to support beam line components such as
vacuum chambers. The output signal is fed into a charge digitizer and then
to a National Instrument USB 6342 DAQ connected to a desktop computer.
The data acquisition can be controlled via a LabVIEW program running
on a PC. The data are saved on a log-file that records the differential and

integrated IC readings (expressed in counts) every second.

a)

b)
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Figure 5.2: a) Schematic view of the IC and support; b) Sketch of the installation
of the IC and charge digitizer.
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5.1.2 Estimation of the calibration factor

The expected charge g collected on the plates of the IC per primary

particle must be calculated to estimate the calibration factor:

e

Wair

q = Edep . (51)

where Iy, is the energy deposited by a primary particle in the sensitive vol-
ume of the IC, e is the electron charge (1.609-107' C) and W, (34.23 &+ 0.4%
eV) is the average energy released by the primary particles to produce a single
ion pair in air [49].

Separated FLUKA simulations were run to assess the energy deposited
by 120 GeV/c protons, positive pions and positive kaons in the air volume
of the IC (p = 0.963 atm, p = 1.12:1073 g/cm?). The geometry employed in

the simulation is shown in Figure 5.3.

Mylar beam window
120 pm thick

E

L

.
>
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Figure 5.3: Scheme of the geometry employed in the FLUKA simulations.

In the FLUKA input file the DELTARAY card was activated to consider
the delta rays production by muons and charged hadrons in the sensitive
volume with an energy threshold of 50 keV. Electromagnetic transport cards
(EMF and EMF-CUT) were activated setting the transport threshold energy
for electrons and positrons to 50 keV and for photons to 10 keV. The energy
deposition within the IC sensitive volume was scored by the USRBIN card.
The results of the simulations give an energy deposition value of 7.92 keV for
protons, 8.15 keV for positive pions and 7.94 keV for positive kaons. The re-
sults are affected by 1% statistical uncertainty. Taking the beam composition

into account (61% pions, 35% protons, 4% kaons) [45] the weighted energy
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deposition is 8.06 keV per primary particle. The expected charge deposited
in the IC by a primary particle is then:

e 1.609 - 10~ C
—806-10° .
L YT a

q= Edep : (52)
By using the sensitivity factor of the charge digitizer (k = 1.19 counts/pC) [47]

the expected calibration factor is:

CF=(q-k)'=(3.79-107° pC - 1.19 counts/pC)~* (53
= 22172 particles/count .

This result is affected by the uncertainty on Wy, (0.4%, systematic) and
Ejep, whose uncertainty is the sum of two components, the one derived from
the FLUKA simulations (1%, statistical) and the uncertainty on the knowl-
edge of the active length of the IC (3%, i.e. 1 mm over 34 mm, statistical,
which derives from the spatial resolution of the program employed to an-
alyze the tomographic image). It should also be mentioned that there is
also a systematic uncertainty on the FLUKA results, of the order of a few
percent for the part due to ionization and of about 10% for the part due to
nuclear interactions, which is not included in the uncertainties of the present
result [50].

CFoprr = 22172 + 789 particles/count (5.4)

Since the IC has also been used in the H4IRRAD facility for the soil-shield ac-
tivation experiment, FLUKA simulations were run to estimate the expected
calibration factor for the H4 beam (94% protons, 5% positive pions and 1%
kaons, with a momentum of 400 GeV/c) [51]. The results give an energy
deposition value of 8.32 keV for positive pions and 8.31 keV for protons, with
1% uncertainty. The kaon component has been neglected. By following the
same procedure used above, one obtains an expected charge deposited per

primary of 3.89-107!7 C and a IC calibration factor:

CFrarrrap = 21628 + 758 particles/count (5.5)
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5.2 The activation foil technique

Foil activation is a well-established technique for measuring the intensity
of high energy proton beams. It is particularly convenient for the calibra-
tion of ICs used for on-line beam monitoring. One of its advantages is the
accuracy that can be achieved if the cross section of the reaction of inter-
est is known with a small uncertainty. When the protons traverse the foil
they generate spallation reactions A(p,x)B, where A is the stable isotope of
which the foil is constituted, B is the radioisotope produced in the foil by
the spallation reaction, whose activity is determined via ~y-spectrometry, x
is the reaction product escaping the foil. An ideal monitor reaction should
show the following properties [52]: cross section known with good accuracy;
half-life of the radioisotope produced in the foil longer than the irradiation
time, but not too long in order to obtain a detectable activity; v-line(s) of
the radioisotope produced in the foil easily detectable and distinguishable by
~v-spectrometry; negligible contribution to the production of the radionuclide
of interest by secondary particles formed by interaction of the proton beam in
the target (neutrons and energetic secondary hadrons). Unfortunately none
of the commonly used reactions satisfy all of these requirements and one has

to find a compromise.

5.2.1 Theoretical basis

The production of a radionuclide of interest at a time t is expressed by

the well-known formula (see §1.2 in Chapter 2):

N
n(t) = ;¢(1 — g7 Mirr) L g A wait (5.6)

where n(t) is the number density of the atoms of the radionuclide of interest
at time ¢ (cm™3), N is the number density of the target atoms (cm ™2, where
N = p- Nay/M: pis the mass density in g cm™3, Ny is the Avogadro’s

number 6.022 -10%* mol™, M is the molar mass (expressed in g mol™'), o is
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the production cross section of the selected radioisotope (cm?), A is its decay
constant (s71), ¢ is the particle flux density (cm™2 s71), t;, and 4 (s) are
the irradiation time and waiting time (i.e. the time elapsed from the end of
the irradiation until the foil is counted). The specific activity induced in the

target at time ¢ is given by a(t) = A - n(t), then:
a(t) = Nog(1 — e Mirr) . g7 Mwait (5.7)

where a(t) is expressed in Bq cm™3. Being interested in the absolute activity
A(t) expressed in Bq, if L, Ly are the transverse dimensions of the target
and Az its thickness, A(t) = a(t) - Ly LoAx, hence:

A(t) = NAz -0 - ¢LiLy - (1 — e Mirm) . g~ Await (5.8)
If N, = N - Az is the surface atomic density (cm™2), the particle flux ¢/ =
¢+ Ly - Ly (number of particles per seconds traversing the foil) is given by:

A(t)
Nxo'(l — eiAtiT'r> . eiAtwait

¢ =

(5.9)

A(t) is measured by 7y-spectrometry, while ¢, and t;,» must be recorded. In
the present experiment ., was recorded manually while ¢;.. was obtained

from the log-file of the acquisition system.

5.2.2 The **Al(p,3pn)*Na reaction

The *"Al(p,3pn)*'Na reaction is one of the most extensively used beam

monitor reactions. Its main advantages are:

e The short half-life of ?*Na (14.9590 h) results in a high specific activity
so a relatively short irradiation time is adequate to obtain a reasonable

activity to be determined by 7y-spectrometry.

e 2Na decays by 8~ emission producing two v-rays of energies 2.754 MeV
and 1.369 MeV (branching ratios: 99.94% and 100%, respectively),
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whose peaks can be easily identified by ~-spectrometry.

e The 2"Al(p,3pn)*Na cross section is known with good accuracy in a
wide energy range. Figure 5.4 plots the available cross section data for
energies higher than 100 MeV [53].
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Figure 5.4: Summary of literature data for the cross section of the
2TAl(p,3pn)?*Na reaction [53]. [*] extrapolated value, obtained with
an indirect method [54].

To obtain an accurate determination of the particle flux, as derived from
expression (5.9), one must take into account several parameters on which the

reaction critically depends:
e The cross section value at the energy of interest.

e The importance of the competing 2"Al(n,«)?*Na reaction, as well as of
the reactions induced by energetic secondary hadrons produced in the

foils, in the determination of the total induced activity.

e The recoil of some of the nuclei produced in the spallation process that

can leave the foil in the same direction of the primary beam.
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Cross section

A first problem arises in the determination of the cross section to be
employed in case of a mixed proton/pion beam. Whilst for the proton-
induced spallation reaction the cross section data are available, for pion-
induced reactions there are no published data. The value of the pion-induced
cross section can be indirectly determined using the FLUKA code. Even if
FLUKA cannot be used to derive the absolute value of the cross sections at
very high energies with the required accuracy, it is much more reliable in
the determination of the ratio of the cross sections of reactions induced by
different particles at the same energy on the same target. One can therefore
calculate the ratio between the cross section of pion- and proton-induced
reactions and then derive the absolute value of the pion-induced one. The
cross section ratio can be obtained by running the nuclear interaction models
of FLUKA in interaction only mode, accounting for both absorption and

quasi-elastic reactions [50]. The following parameters were set:
e mass and atomic number of the target nucleus: My = 27, Zy = 13;
e beam particle: positive pions or protons;
e beam momentum: 120 GeV/c;
e number of events: 106.

The output file provides the cross section for each isotope produced in the
interaction between the primaries and the target. By running one simulation
for protons and one for pions, one obtains the ratio between the pion- and
the proton-induced spallation cross section for the reaction of our interest:
0.764 + 0.011. Since the value of the proton-induced spallation cross section

is known from the literature (8.3 & 0.5 mb)', one can derive the value of

!The reaction cross section for protons has been assumed to be 8.3 £ 0.5 mb. This
value was derived from Cumming [52] for 28 GeV protons. No direct measurements are
available for higher energies. Figure 5.4 plots the available cross section data for energies
higher than 100 MeV [53]. The 300 GeV value comes from indirect measurements [54].
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the pion-induced one: 6.3 + 0.4 mb. By neglecting the kaon component,
which has very limited importance, the effective cross section for the mixed
proton-pion beam (63.5% pions and 36.5% protons, the kaon fraction has
been re-distributed on the other two components according to their relative
weight) is 7.1 + 0.4 mb.

Competing reactions

Two competing mechanisms lead to the production of ?*Na: the reactions
induced by energetic secondary hadrons and the 2"Al(n,a)?*Na. The latter
has a threshold of 5.5 MeV and a cross section rising to 120 mb at 14 MeV [55].
Data in the literature are contradictory about the importance of this effect.
Some authors showed it has little importance: Stehney et al. [56] measured a
contribution of less than 1% per 200 mg/cm? foil thickness, while Cumming et
al. [57] proposed a value of 0.25% per 100 mg/cm?. Other authors estimated a
bigger importance: Brandt et al. [58] reported that this effect has an influence
in the order of 1.1 + 0.5% per 100 mg/cm?, while Grover [59] showed a
strong dependence on foil thickness, about 3.3% per 100 mg/cm?. All these
estimates refer to protons; no data are available for different particles. The
contribution of the competing reaction has here been determined by analysing
the results obtained from the experiment carried out in 2011 and 2012 CERF
runs [60-63]. It is worth noting that this contribution may also depend
on the materials present upstream and downstream of the target as well
as on the characteristics of the resulting neutron "halo". The experimental
evaluation of this contribution can be done via the activation of foils of
different thicknesses, because it is directly proportional to the mass thickness
of the foil. One can express the calibration factor as the sum of two terms:
the first is due to the activity induced by the primary particles, the second to
the activity induced by the neutrons, which is proportional to the foil mass

thickness and to a coefficient k (expressed in percent per 100 mg/cm?):

Cx = Cprim -+ k- Cprim T (510)



72

5. Activation experiments

where C}, is the calibration factor obtained for a foil of mass thickness x and
Cprim is the calibration factor extrapolated to zero thickness. The constant
k here refers to the partial activity due to the primary particles, whereas in
other papers the contribution refers to the total activity. This choice was
done to make expression (5.10) more consistent (the numerical difference is
nevertheless of little importance). One can derive the value of the constant k
from the linear fit in Figure 5.9 (see §5.2.5): Cprim, = 22249 particles/count,
k - Cprim= 2581 particles/count/mm. By normalizing the constant to the
foil mass thickness (1 mm = 271 mg/cm?, see Table 5.2) one then obtains
k = 0.116 mm~ = 4.3% / 100 mg/cm?, close to the data of Grover for
protons [59]. It must be noted that the value obtained by Grover refers to
the 2" Al(n,«)**Na reaction only, whereas here the two contributions cannot

be evaluated separately.

Recoil nuclei effect

To take into account the effect due to recoiling nuclei, the foils were ex-
posed in sandwiches and only the activity of the central one was employed in
expression 5.9. Indeed, some of the nuclei produced in the spallation process
can recoil in the same direction as the primary beam and leave the foil (due
to the so-called Lorentz boost [64]). In this case they would not contribute to
the foil activity (see Figure 5.5). In the central foil this effect is compensated
by recoils received from the upstream one. To verify the importance of this
effect, for some measurements several analyses were carried out (see Table 5.1
in §5.2.4). The induced activities in the three foils of the sandwich are all
compatible within 2 ¢. This shows that the importance of this effect is very
limited. This is confirmed by the FLUKA interaction models, which give a
mean energy of the recoil ?!Na nuclei of about 2 MeV. This corresponds to
a projected range of 2 um in the Al target, i.e. only the nuclei produced in
the last layer (a few microns) of the foil escape in the beam direction. This
fraction corresponds to a maximum of about 0.4% on the overall activity for

the 0.5 mm sandwich.
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Figure 5.5: Recoil nuclei reaction scheme in the three-foil assembly set-up.

5.2.3 The "“Cu(p,x)*'Na reaction

The " Cu(p,x)*Na reaction is a promising alternative reaction for beam

monitoring, as it shows two advantages when compared to 27 Al(p,3pn)?*Na:

e The cross section, even if it is lower than that of 2"Al(p,3pn)?*Na, is
known with better accuracy at high energies. Figure 5.6 plots the
available cross section data for energies higher than 500 MeV. At very
high energies (30, 150, 400 and 800 GeV) Baker et al. [65] found an

energy-independent cross section value of 3.59 4+ 0.14 mb.

e 24Na is produced only in deep spallation reactions induced by high-
energy hadrons, while the secondary neutrons produce mostly isotopes

close to the original target mass.

Cross section

For the "*Cu(p,x)**Na reaction the proton-induced cross section at 120 GeV /c
was assumed equal to the one calculated by Baker et al. [65] at 30, 150, 400
and 800 GeV, i.e. 3.59 £+ 0.14 mb. To obtain the value of the pion-induced

cross section the same method used for the Al activation was followed. The
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Figure 5.6: Summary of literature data for the cross section of the
nat Cu(p,x)?*Na reaction [53].

ratio between the cross section of the pion-induced and the proton-induced
reaction, as obtained via FLUKA, is equal to 0.726 4+ 0.016. The pion-
induced reaction cross section is then 2.61 4+ 0.12 mb. By neglecting the
kaon component, the effective beam (63.5% pions, 36.5% protons) cross sec-
tion is 2.93 £ 0.13 mb.

5.2.4 Experiments

Hyper-pure 2”Al and "*Chu foils from GoodFellow [66] were used: 99.999%
27Al (impurities: Mg 1.2 ppm, Si 0.8 ppm, Cu 0.3 ppm, Fe 0.3 ppm) and
99.99% ™*Cu (impurities: Ag 70 ppm, Fe 2 ppm, Ni 2 ppm, Pb 2 ppm,
Si 2 ppm, Al 1 ppm, Bi 1 ppm, Ca 1 ppm, Mg 1 ppm, Sn 1 ppm, Mn <1 ppm,
Na <1 ppm, Cr <1 ppm,), with dimensions 50 x 50 mm?. As verified via
dedicated FLUKA simulations, the influence of these impurities on the to-
tal induced activity is negligible. The foils thicknesses were 2 mm, 1 mm
and 0.5 mm for Al; 0.5 mm, 0.25 mm and 0.125 mm for Cu, with 1% esti-
mated uncertainty. The corresponding mass thicknesses were, respectively,
540 mg/cm?, 270 mg/cm? and 135 mg/cm? for Al; 446 mg/cm?, 223 mg/cm?

and 111.5 mg/cm? for Cu. The foils were fixed on a Plexiglas frame mounted
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on both ends of a hollow aluminum tube of the same dimensions of the Cu
target normally employed in the CERF facility, placed approximately one
meter downstream of the IC (see Figures 5.7 and 5.8). The beam size was
smaller than the foil dimensions so that all particles traversing the IC hit the
foils. To evaluate the contribution of background radiation to the foil activa-
tion, in one of the experiments an additional foil was exposed out-of-beam.
When possible the foils were exposed in sandwiches and only the activity of
the central one was considered for analysis to take into account the recoil
nuclei effect (see §5.2.2).

The results of the measurements are given in Table 5.1. Where available,
the activity of the upstream and downstream foils is given. The value used
in expression (5.9) was the activity of the central foil, except for measure-
ment 1 where, due to the high uncertainties, an average of the central and
downstream foil activities was employed. Due to problems in the peak iden-
tification during the v-spectrometry of the "*Cu 0.250 mm foil, the data of
this measurement could not be exploited. The foil exposed out of beam did
not show any significant induced activity, confirming that the contribution

of the scattered radiation (background) to the overall activity is negligible.

Table 5.1: Results of the Al foil activation experiment (n.a. = not available).

Al foils
Measurement 1 2 3 4
Thickness [mm] 2.0 2.0 1.0 0.5
Irradiation time [s] 31200 31371 58223 31371
Integrated fluence [IC counts] 2-10° 2.3-10° 3.8:108 2.3-10°
Upstream foil activity [Bq] 45.8 + 2.2 n.a. 345+ 1.9 n.a.
Central foil activity [Bq] 52.7+ 54 | 568 23 |37.1+£19 | 123 +0.6
Downstream foil activity [Bq] | 47.1 + 1.6 n.a. n.a. n.a.
Cu foils
Measurement 5 6 7
Thickness [mm] 0.500 0.250 0.125
Irradiation time [s] 54831 54831 54831
Integrated fluence [IC counts] 3.3-106 3.3-106 3.3-106
Central foil activity [Bq] 8.4+ 0.6 n.a. 23+03
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Figure 5.7: Left figure: experimental set-up for the foil activation: the sand-
wiched foils are mounted at the entrance of the hollow tube used as
support (1), while one is fixed just below it, outside the beam, to
measure background activation (2). Right figure: hollow tube with
the foils mounted on its upstream face inside the irradiation cave.
The IC is visible in the background.

5.2.5 1IC calibration factor

To obtain the IC calibration factor one needs to know the parameters in
expression (5.9). To improve the accuracy of the calculation, the irradiation
time was subdivided in one-second irradiation periods and the total activity
was obtained as the sum of the partial activities induced by each one-second
irradiation, by taking into account the decay of ?*Na occurring from the end of
each one-second irradiation until the arrival in the spectrometry laboratory.
Therefore the beam-on/beam-off periods (i.e. spill time over the total SPS

cycle) were exactly taken into account and fluctuations in the beam intensity
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Figure 5.8: Foil activation experiment set-up (not to scale).

during the spill were also properly considered. The values of t;,,, tweir and
¢’ were then derived from the IC acquisition log-files. The surface atomic
densities N, are given in Table 5.2 for each foil. The beam effective cross

sections were calculated for Al and Cu foils as showed in §5.2.2 and §5.2.3,

respectively.
Table 5.2: Foil surface atomic densities.
Al foils (pa; = 2.71 g/cm?, My, = 27 g/mol)

Foil thickness X 4; 0.5 mm 1.0 mm 2.0 mm
N, [em?] 3.0222:102% | 6.0445-10%! | 1.2089-1022
Cu foils (pcy, = 8.92 g/cm?, My, = 63.546 g/mol)

Foil thickness X, | 0.125 mm 0.500 mm
N, [em?] 1.0567-10% 4.2266-10%

Al foil activation

The raw calibration factors (before correction) for each experiment are
listed in Table 5.3. The associated uncertainties derive from the uncertain-
ties on the activity, the foil thickness (1%) and the cross section (5.6%).
Only the experiments in which the sandwich configuration was employed are
considered, since for all the others the results have lower reliability. The
calibration factors from the aluminium activation need to be corrected for

the contribution of the competing reactions to the overall activity. To ex-
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Table 5.3: Raw calibration factors (before correction) as calculated from expres-
sion (5.9) for each Al foil.

Measurement | Foil thickness | Raw calibration factor [particles/count]
1 2.0 mm 27736 £ 1682
2 2.0 mm 27014 £ 1894
3 1.0 mm 25040 £ 1923
4 0.5 mm 23399 £ 17591

clude this contribution, which is proportional to the thickness of the foil, one

has to extrapolate the calibration factor to zero thickness. Figure 5.9 plots

the calibration factors calculated from the different measurements with the

corresponding linear fit. The value extrapolated at zero thickness is

CFy = 22249 + 2100 particles/count (5.11)

where the uncertainty was calculated via the reduced chi-squared method.
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Figure 5.9: Plot of the calibration factors with the related uncertainties, as cal-
culated via the activation of the Al foils. The line is the linear fit to

the data.
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Cu foil activation

The calibration factors have been derived from each Cu foil by following
the same procedure used for the Al activation. Table 5.4 lists the obtained
values, whose related uncertainties derive from the uncertainties on the ac-
tivity, the foil thickness (1%) and the cross section (4.4%). An extrapolation
of the data to zero thickness is not needed for the values obtained from the
copper activation, showing the little importance of competing reactions in-
duced by energetic secondary hadrons. In this case the best estimate of the
calibration factor can be obtained by the "weighted average method". The
calibration factor and its uncertainty are derived as follows:

N —
=1 Wiy 1
- Limy Willy Oy =~ (5.12)

P N ’
2eim1 Wi Y wi
where the weighting factor w; is related to the absolute uncertainty of each
data:
1\2
o
The best estimation for the calibration factor is

CFe, = 22293 £ 1462 particles/count (5.14)

Table 5.4: Raw calibration factors (before correction) as calculated from expres-
sion (5.9) for each Cu foil.

Measurement \ Foil thickness \ Raw calibration factor [particles/count] ‘

5 0.500 mm 21707 4 1762
6 0.250 mm - -
7 0.125 mm 23587 + 2620

5.2.6 Discussion

All the results given above lay on the assumptions that:
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e The 2"Al and "Cu atoms are homogeneously distributed in the ex-

posed foils. This is guaranteed by the supplier.

e The effect of the impurities present in the foils on the induced activity
is negligible. This has been verified via FLUKA simulations in which
the impurities declared by the supplier have been included in the foils.

The difference in the activity by adding the impurities was insignificant.

e The self-absorption of y-rays in the activated foils is negligible. This has
been verified by taking into account the most conservative case, i.e. the
attenuation of the photons emitted by ?*Na in 2 mm of 2”Al and 0.5 mm
of "*Cu. Since the mass attenuation coefficients are 3.54-1072 cm?/g
and 3.59 cm?/g [67], respectively, the maximum attenuation that the
~v-rays can undergo before being detected by the spectrometer is less
than 2%. In any case, this small effect is taken into account by the

spectrometry software.

The calibration factor estimated via the FLUKA simulations is in excellent
agreement with the value determined experimentally (see Table 5.5). The
present results are also in good agreement with past experimental results ob-
tained with different calibration techniques: activation of '*F (23000 + 2300
particles/count [68]) and '?C foils (23400 + 1400 particles/count [69]), and
coincidence of scintillators (22116 4+ 92 particles/count [70]). More details
on the monitor reactions for calibration of high-energy mixed hadron beams

can be found in Ref. [47,71] and in the second paper of the Appendix.

Table 5.5: IC calibration factor as obtained from the activation experiments and
via FLUKA simulations.

’ Technique \ IC calibration factor [particles/count] ‘
Activation of 27Al foils 22249 + 2100
Activation of " Cu foils 22293 + 1493

FLUKA simulations 22172 £+ 789
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5.3 Activation of copper and iron samples

An accurate knowledge of the spallation product inventory (see §2.3 in
chapter 2) within a target is important for many applications: disposal of ma-
terial, operation, maintenance, safety, activation issues in high-energy par-
ticle accelerators [10] and benchmarking of Monte Carlo codes [72]. Since
copper and iron are commonly employed in high-energy particle accelera-
tors and their surrounding structures, the knowledge of their reaction cross

section for a spallation product is therefore fundamental.

5.3.1 Theory

The cross section of the reaction A(p,x)B or A(7",x)B, where A is "*Cu
or "Fe, B is the radioisotope produced in the foil by the spallation reaction
and x is the reaction product escaping the foil, was measured via the foil

activation technique (see §5.2). By using the expression (5.9), one obtains:

_ A(t)
o ngzsl(l J— e_Atirr) . e_)\twait

(5.15)

g

where the particle flux ¢ is obtained now from the calibrated IC, as showed
in §5.1.1. The cross section o is the beam effective cross section, i.e. averaged

over the pion (63.5%) and proton (36.5%) components:
o =0.635 0, £ 0.365 0, (5.16)

where 0, and o, are the proton- and pion-induced spallation cross sections.
Their values can be derived if one knows the ratio o,/0,. This ratio was
obtained from FLUKA simulations as showed in §5.2.2. The cross sections

for protons and pions can then be easily derived:

o o —0.635 o,
Or = e and op=——7F——
0.635 +0.365 _* 0.365

(5.17)
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5.3.2 Experimental set-up

The experiments were performed by exposing hyperpure "*Cu and "*Fe
foils to the primary beam at the CERF facility. The foils with dimensions
50 x 50 mm? have the following compositions, as declared by the GoodFel-
low [66]: 99.991% "**Cu, with impurities in ppm: Ag 70, Fe 2, Ni 2, Pb 2,
Si2, Al1,Bil, Cal, Mg 1, Sn 1, Mn < 1, Na < 1, Cr < 1; 99.998%
"a'Fe, impurities in ppm: Ag 1, Al 2, Ca 3, Cr 1, Cu 2, Mg 2, Mn 1, Ni 1,
Si 3. The effect of the impurities on the radioisotope production is negligible.
This has been verified via several sets of FLUKA simulations, in which the
foils were first simulated as 100% pure, and then with added impurities. The
values of the surface atomic densities N, are obtained from the foil density,
the molar mass and the thickness (see Tables 5.2 and 5.6). The foil thick-

Table 5.6: Foil surface atomic densities.

Fe foils (ppe = 7.874 g/cm?, Mp, = 55.84 g/mol)
Foil thickness X g 2.0 mm
N, [em?] 1.6983-10%2

] Cu foils (see Table 5.2 ) |

nesses were 0.5 mm, 0.25 mm and 0.125 mm for "**Cu; 2 mm for "*Fe, with
1% estimated uncertainty. The thicknesses were chosen as a compromise
between the need of an induced activity high enough to reduce the statis-
tical uncertainty of the y-spectrometry measurements and the need of thin
targets, i.e. targets in which the energy lost by the incident beam is small
(Etoss/Eveam < 5% [64]). This reduces to a minimum the production of sec-
ondary particles inside the target, which generally undergo further collisions
and could result in internuclear cascades. By assuming that the value of the
interaction lengths for protons and pions at 120 GeV is similar to the one at
18 GeV (i.e. 140.2 4 3.2 g/cm? for protons, 163.8 + 9.0 g/cm? for pions [73]),
the beam fraction that interacts in the target is always less than 1%. This
guarantees that, even though the average fraction of energy of the incident

beam lost in the target cannot be precisely estimated, the overall influence
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of the target on the beam transmission is negligible.

The foils were fixed on a Plexiglas frame mounted on both ends of a
hollow aluminium tube placed downstream the IC used as beam monitor
(see Figure 5.8). The foils were irradiated in sandwiches of three to take into
account the recoil nuclei effect (see §5.2.2). To evaluate the contribution of
scattered radiation to the foil activation an additional foil was exposed out

of beam.

5.3.3 Results

The foils were counted in the CERN ~v-spectrometry laboratory with a
Canberra low background coaxial high-purity germanium (HPGe) detector.
For a more accurate analysis of the gamma lines, the activated foils were
counted twice: a short (10 minutes) measurement immediately after the ir-
radiation and a longer one (about 8 hours) later. The analysis was performed
using the Canberra Genie 2000 and the PROcount 2000 software, which are
comprehensive environments for data acquisition, display and analysis. They
also take into account geometrical effects, self-absorption in the sample and
decay of the isotope during the measurements, and provide a global un-
certainty. Only the radioisotopes with an activity higher than 1 Bq were
considered for the cross section calculations.

The beam effective cross section o for each of the reactions of interest was
derived from expression (5.15). The cross sections of the pion- and proton-
induced reactions were calculated from expression (5.17). The foil exposed
out of beam did not show any significant induced activity, confirming that
the contribution of the scattered radiation (background) to the overall activ-
ity is negligible. Tables 5.7 and 5.8 list the cross sections of the spallation
reactions that generated an activity in the foils higher than 1 Bq. The global
uncertainty is the quadratic sum of the uncertainty on the -spectrometry,
the one on the IC calibration factor (10%) and the uncertainty on the foil
thickness, i.e. on the knowledge of N,. The uncertainty on the beam com-

position is not taken into account since it is below 2% [45]. The produc-
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tion of the radioisotopes listed in Tables 5.7 and 5.8 derives only from the
proton- and pion-induced spallation reactions. For the reactions on "*Cu
foils the cross section is the average of the values obtained from the three
thicknesses. More details on the spallation cross sections for "*Fe and "*Cu
targets for 120 GeV /c protons and pions can be found in the third paper of
the Appendix. The paper also shows comparison between the cross section
obtained at 120 GeV and the ones found in the literature at energies higher
than 500 MeV for proton-induced spallation reactions (for the pion-induced

reactions no data are available).

5.4 Activation of soil-shield samples

Accelerators and experiment facilities are typically sited either under-
ground or at grade with thick concrete walls and substantial earth berms to
provide cost-effective shielding. Radiation interacts with the shielding ma-
terials generating induced radioactivity in the concrete or earth. In general,
the induced radioactivity remains confined in the shield material. However,
some activation may occur outside the accelerator enclosure, primarily in
adjacent groundwater and soil. If the production of radioactive nuclides in
the accelerator structure and in the concrete walls of the accelerator room
is a concern for the personnel, the radionuclides created in the groundwater
or in the earth represent a collective danger, because they may be trans-
ported into the environment. Several authors investigated the radioisotope
production in earth and water, either experimentally or via Monte Carlo sim-
ulations [74-92]. They describe and examine the most important isotopes of
concern. Few researchers have addressed the problem of the radionuclide
migration from the activated soil to the groundwater. This section focuses
on the leaching of the radioactivity produced in CERN soil ("molasse"). The
aim is to investigate the radionuclide production from secondary radiation
in earth and water and to quantify the activity concentration of the radionu-

clides leaching into the groundwater. The study mainly focuses on *H and
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Table 5.7: Cross sections of the spallation reactions on "*Cu derived from the
activation experiment.

| Proton reaction | o, [mb] [ Pionreaction | or [mb] |

natCu(p,x)"Ar | 0.62 & 0.11 || "®Cu(xt x)*'Ar | 0.43 + 0.08
natCu(p,x)2K | 2.23 £0.40 || "*Cu(rtx)*?K | 1.69 £ 0.30
nat Cu(p,x)BK | 0.93 £0.19 || "Cu(rtx)*K | 0.66 £ 0.14
natCu(p,x)43Sc | 2.73 £0.26 || "Cu(nrtx)*3Sc | 2.62 £ 0.25
natCu(p,x)#Sc | 3.80 +£ 0.17 || ™Cu(nrt x)*Sc | 3.46 £+ 0.15
p,x)4"Sc | 1.85 £ 0.22 || ™Cu(rtx)*"Sc | 1.42 + 0.17
p (

p (

natCu(p,x)*Cr | 0.21 &£ 0.06 || "**Cu(r*x)*Cr | 0.21 + 0.06
nalCu(p,x)*®Sc | 1.16 + 0.21 || ™Cu(xt,x)*¥Sc | 0.83 £+ 0.15
nat Cu(p,x)®?Mn | 3.83 £ 0.52 || "@*Cu(r*,x)*>Mn | 3.87 4 0.52
nat Cu(p,x)®>Co | 0.51 £ 0.10 || " Cu(x*,x)*Co | 0.56 & 0.11
nat Cu(p,x)®Mn | 2.68 &£ 0.14 || " Cu(r " ,x)**Mn | 2.01 4 0.10
natCu(p,x)®'Ni | 0.77 £ 0.14 || "®Cu(nrt,x)>'Ni | 0.77 £ 0.14
)38Co | 18.82 + 6.01 || ™ Cu(ntx)%Co | 18.07 + 5.77
)81Cu | 11.12 £ 0.51 || " Cu(nt,x)%Cu | 11.46 + 0.52

Table 5.8: Cross sections of the spallation reactions on "*Fe derived from the
activation experiment.

| Proton reaction | o, [mb] [ Pionreaction | on [mb] |

nalFe(p,x)?*Na | 4.02 £0.45 || "Fe(nt,x)*Na | 2.96 + 0.33
natFe(p,x)MAr | 0.84 £0.16 || "®Fe(rt x)"Ar | 0.53 £ 0.10
nalFe(p,x)*?K | 4.28 + 0.57 nalFe(nt x)*2K | 3.18 £ 0.43
natFe(p,x)®¥K | 1.42 £ 0.19 natFe(nt x)BK | 0.92 £ 0.12
nalFe(p,x)*3Sc | 3.72 £ 0.63 || "®Fe(ntx)*3Sc | 3.73 &+ 0.63
nalFe(p,x)*Sc | 8.32 4+ 0.93 || "®Fe(nt x)*Sc | 7.87 4 0.88
p,x)%0Sc | 6.07 £2.36 | "Fe(rt x)%Sc | 4.87 + 1.89
nalFe(p,x)*"Sc | 3.96 £ 0.54 || "Fe(nt,x)4"Sc | 2.93 £ 0.40
nalFe(p,x)*8Cr | 0.59 £ 0.08 || "®Fe(nt,x)*Cr | 0.64 £ 0.08
nalFe(p,x)*Sc | 0.61 £ 0.13 || "®Fe(nt,x)*¥Sc | 0.37 & 0.08
natFe(p,x)®¥V | 16.55 £ 2.09 || "Fe(nt x)®V | 16.25 £ 2.05
p,x)%Cr | 29.47 £ 11.61 || "@Fe(nt x)1Cr | 28.19 4+ 11.11
p,x)%2Fe | 0.49 + 0.07 natFe(rt x)%?Fe | 0.54 £ 0.08
"alFe(p,x)*?Mn | 10.31 £ 1.16 || "®Fe(nt,x)*?Mn | 10.48 + 1.18
nalFe(p,x)%Mn | 44.82 4 8.83 || "Fe(nt,x)*Mn | 43.21 + 8.51
natFe(p,x)*Co | 0.62 4+ 0.08 || ™Fe(nt,x)**Co | 0.51 4 0.07
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22Na, which are the longest-lived radionuclides and the most problematic

from a radiation protection point of view.

5.4.1 Soil samples

The soil samples used for the irradiation were collected on the Prevessin
site, at a location where a new beam dump was installed 24 m depth down-
stream of the ECN3 experimental area (see Figure 5.1). CERN is located
in the Geneva basin, which is filled by sedimentary deposits called molasse.
The chemical analysis of the molasse rock was carried out by the EMPA lab-
oratory in Dubendorf via X-ray fluorescence spectrometry (WD-XRF). Soil
samples where dried before the XRF measurements. The XRF analysis is
not reliable in quantifying the 1st and 2nd period elements (from H to Ne) in
inorganic solid matrices [93]. For this reason, the oxygen and carbon contents
were extrapolated using typical values of molasse soil [90]. The results of this
chemical assay are shown in Table 5.9. The knowledge of the natural water
content of the soil (moisture) is essential to discriminate the fraction of ra-
dioactivity leaching into groundwater from the soil from the fraction coming
from the moisture. The moisture was measured in the CERN HSE Environ-
mental laboratory by drying a known amount of earth. The soil moisture
content may be expressed by weight as the ratio of the mass of water present
to the dry weight of the soil sample. To determine this ratio, the samples
and container were weighed in the laboratory both before and after drying,
the difference being the mass of water originally in the sample. The water
content measured in the soil specimen was 5% by weight. Three cylindrical
plastic containers of 5 cm in height and 4.5 cm in diameter were filled with
100 g of soil. A sample of tap water was collected in a 50 ml plastic container
10 cm long and 2.5 cm in diameter (Figure 5.10). Additional information on
the samples, their natural radioactivity and the chemical analysis can be
found in Refs. [94] and [95].
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Table 5.9: Chemical composition of dried soil sample (density: ~ 1.4 g/cm3).

Element O Si Ca Al C Fe Mg K Na Ti

(g/100 g) 38.8% 24 16 6.8 5* 4 2 1.9 0.7 042
Element Mn Ba P Sr 7Zn Cr Zr Eu Ni S

(g/100 g) 0.11 0.06 0.06 0.05 0.03 0.02 0.02 0.01 0.01 0.01
*Extrapolated value, not quantifiable by XRF analysis.

Figure 5.10: Soil and water samples used in the activation experiment.

5.4.2 H4IRRAD facility and irradiation set-up

The activation experiment was carried out at the HIRRAD facility [51],
which is installed in the H4 beam line in the North Experimental Area of the
SPS (see Figure 5.1). The facility is being operated with the SPS attenuated
primary beam with momentum of 400 GeV /c and average intensity of 3-10°
protons per pulse over a supercycle of about 45 seconds and an extraction
length of ~ 5 seconds. The beam intensity in HAIRRAD is usually monitored
by an argon ionization chamber (XION). This chamber was calibrated via a
comparison with scintillators placed in the H4 beam line and with the cal-
ibrated Ionization Chamber (IC) normally used as beam monitor at CERF
in H6 (see §5.1.1). One XION-count corresponds to (6900 £ 690) particles
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impinging on the target [96]. Figure 5.11 shows the beam intensity profile
and the accumulated number of protons as a function of the irradiation time
as recorded during the experiment. The soil and water containers were in-
stalled under the copper target on which the SPS proton beam is stopped
(Figure 5.12).
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Figure 5.11: Irradiation profile of the samples. The number of protons in each
spill (left scale) is shown together with the accumulated total num-
ber of protons (right scale).

5.4.3 FLUKA simulations and experimental results

The specific activities of the radionuclides in the samples were predicted
by Monte Carlo simulations with the FLUKA code. The simulations were
performed using a detailed geometrical model of the experimental facility
implemented by the H4IRRAD team [51]. Figure 5.13 shows the target

station as implemented in the FLUKA simulations. The irradiated samples
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Figure 5.12: H4IRRAD target area. The samples were installed on the aluminum
table just below the copper target.

were depicted in details with the actual size, the Plexiglas container and their
position near the target, as they are showed in Figure 5.10. The elemental
compositions of the samples were those obtained from the chemical analysis,
to which 5% of water (moisture) was added.

The full hadronic cascade was simulated in the irradiation area, including
particles back-scattered from the tunnel walls. For an accurate description
of all nuclear processes relevant for isotope production, the evaporation of
heavy fragments and the coalescence mechanism were explicitly turned on
via two separated PHYSICS cards. The card DEFAULTS was used to set
defaults for precision simulations. The particle transport threshold was set
at 100 keV, except neutrons transported down to thermal energies. The low
energy neutron transport (below 20 MeV) was performed using the multi-
group approach with the 260 group library. The cascades initiated by 3-103
primary protons were simulated in a total of 100 FLUKA runs, for a total
of 3-10° primaries. The total irradiation time was 1.73-10° seconds with

an average beam intensity of 4.33-107 p/s, i.e. about 7.5-10'3 accumulated
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number of protons (see Figure 5.11). Significant use of region-importance

biasing was made in order to enhance the statistical accuracy of the results.

The production of residual nuclei and their radioactive decay were sim-
ulated in the same run. The RESNUCLEi card scored the residual nuclei
produced in inelastic interactions, while the radioactive decay was calculated
using the RADDECAY, DCYSCORE, DCYTIMES and IRRPROFTIle cards,
taking into account the decay chains, build-up of isotopes and the irradia-
tion profile. The USRTRACK card scored the particle spectral fluences in
the sample region. Figure 5.14 shows the differential distributions of the
energy fluence of neutrons, protons and charged pions. The results of the
FLUKA simulations are showed in Table 5.10.

Immediately after the irradiation period, the induced radioactivity of the
samples was very high. Most of this radioactivity was due to very short
half-life radioisotopes. Since the radioisotopes of interest to this study have
medium and long half-life, the samples were let decaying for 10 days be-
fore counting. The earth and water samples were measured at the CERN
Analytical Laboratory with a high sensitivity, low-background high-purity
germanium (HPGe) detector by Canberra. The data acquisition and analy-
sis was carried out using Canberra’s Genie-2000 spectrometry software and
the PROcount-2000 counting procedure software (see §5.3.3). Three gamma
spectrometry analyses were performed for each sample, at cooling times of

one week, one month and two months.

The tritium activity of the water was determined using a liquid scintil-
lation counter (Packard TRI-CARB 3180TR/SL), measuring a mixture of
8 ml of activated water and 12 ml of so-called liquid scintillation cocktail
(Packard Ultima Gold LLF). In case of high precision measurements, dis-
tillation is usually recommended requiring well controlled conditions where
other radionuclides present in the sample (e.g. *Na) may significantly in-
crease the result for tritium. This was not needed in the present case, as
the potential interference of other radionuclides in the tritium pulse-height

window was negligible.
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Table 5.10 shows the results of the gamma spectrometry and tritium
measurements for the soil and water samples after 10 days of cooling time.
Only radionuclides with the smallest experimental uncertainty, lowest ratio
between measured activity and MDA (Minimum Detectable Amount) and
comparable cooling time and half-life are reported. Quoted errors include
statistical uncertainties of the FLUKA simulations and statistical and sys-
tematic uncertainties of the gamma spectrometry analysis. FExperimental
values and FLUKA predictions are in very good agreement for the soil as

well as the water.

Table 5.10: Results of experiment and calculations for the specific activity in the
soil and water samples after 10 days of cooling time.

SOIL
Nuclide |  tq/9 Experiment | FLUKA [Bq/g] | Exp/FLUKA
SH 12.32 y - 14.1 £ 0.3 —~
"Be 53.1d | 425+ 32 257 + 4 1.65
22Na, 26y | 125 £0.8 10.2 £ 0.2 1.23
463¢ 83.8d | 3.02+0.19 2.99 + 0.35 1.01
a8y 16d | 9.33 £0.50 12.3 £ 1.1 0.76
S1Cr 27.7d | 25.0+ 2.3 272+ 14 0.92
2Mn | 5.59d | 6.01 + 0.43 6.95 + 0.49 0.87
54Mn 312d | 6.02 £ 0.42 5.74 + 0.23 1.05
%6Co 77.3d | 0.40 £+ 0.04 0.86 + 0.09 0.46
Co | 709d | 0.224+0.04 | 0.35 £ 0.05 0.62
WATER
Nuclide |  tq/9 Experiment | FLUKA [Bq/g] | Exp/FLUKA
3H 1232y | 28.9+ 26 27.6 + 0.5 1.05
"Be 53.1d | 523 + 48 480 + 12 1.09

5.4.4 Leaching procedure

Radionuclides affecting the groundwater come from leaching. Two leach-
ing possibilities were investigated: 1) water stagnation with irradiated soil
(mixing system); 2) water percolation through the irradiated soil (flowing
system). In this work, we used the usual (standard) leaching procedure for

the measurements of the leaching factor, consisting of 10 parts by weight
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Figure 5.13: Detail of the irradiation set-up used in the FLUKA geometry. The
aluminium target holder is shown in green, the copper target in blue
and the irradiated soil sample in brown. The drawing is obtained

using SimpleGeo [35].
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Figure 5.14: Fluence spectra of protons, neutrons and charged pions at the lo-
cation of the soil and water samples.
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of water and one part of irradiated soil [81-85]. To measure the amount of
radioactivity passed from the irradiated soil to the water in both systems,
leached water samples were systematically measured by gamma spectrometry

as well as by scintillation analysis.

Soil-water mixing system

In the mixing system, 100 g of the irradiated soil were placed in a gradu-
ated flask together with 1 litre of distilled (tritium free) water (Figure 5.15).
After vigorous shaking to disperse the soil in the water, the mixture was
stirred for 8 hours. To measure the radioactivity leached out, 100 ml sam-
ple of the hazy water was filtered through a Millipore filter (0.45 pm). The
gamma activity in the water was measured with a Germanium detector while
[ emitters were measured with a liquid scintillation spectrometer after evap-
oration. The analyses on the water were repeated 4 times after 11, 43, 72

and 134 days after the soil irradiation.

Figure 5.15: Soil-water mixing system.
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Soil-water flowing system

In the flowing system (Figure 5.16) a sample of 100 g of irradiated soil was
placed in a funnel with a Millipore filter (0.45 pm) connected to a graduated
container. A glass separatory funnel was placed over the funnel and filled
with 1 litre of distilled (tritium free) water. The glass stopcock allowed
controlling the rate of addition of the water to 125 ml/h (8 hours for 1 litre
of water). The leached water was measured by gamma spectrometry and

liquid scintillation counting.

Figure 5.16: Soil-water flowing system.

5.4.5 Data analysis

The experimental results were analysed and corrected for the decay time
and for the radionuclide concentration. In order to quantify the right amount
of radioactivity transferred from the soil into the water, the activity of each

radioisotope was reported to 10 days after the irradiation as time reference
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using the following equation:

Alt) = () exp Hl(?)

" (t10q — t)] (5.18)
where A(t194 ) is the activity after 10 days of decay time, A(t) is the activity
at a generic time ¢ and ¢/, is the radionuclide half-life.

A further correction was needed for the soil-water mixing system. Since
for every measurement the liquid scintillation analysis was performed using

0.1 litre of water, a correction for the measured activity A(m;) was applied:
Ac(m;) = A(m;) + A(mi—1)/10 (5.19)

where m; is the measurement i = 1,2,3,4; A.(m;) is the activity corrected
for the measurement m;; A(m;) is the activity found in the measurement m;
and A(m;_1) is the activity found in the previous measurement m;_;.

The specific activities measured in the water as a function of the mix-
ing time for the soil-water mixing system are given in Figure 5.17 and in
Table 5.11. The 3H concentration in the water quickly increases to 95.6%
(518 Bq/1) of the total activity after 8 hours of mixing time. It takes one
month to rise to 99.8% (541 Bq/1) and 2 months to reach 542 Bq/l, the max-
imum value measured in the water. A similar behaviour was found for ?2Na.
The highest concentration was measured after 123 days with 144 Bq/1. Eight
hours are enough to reach 67% (96.7 Bq/1) of the total *Na activity mea-
sured in the leached water. Half of the total **V activity was measured after
8 hours and the maximum activity is measured after 61 days with 16.1 Bq/1.

The results of the water analysis for the soil-water flowing system are
given in Figure 5.18 and in Table 5.12. The specific activity of *H decreases
from 384 Bq/1 to 3.23 Bq/] after the first washing. The same behaviour is
observed for ?Na that passes from 126 Bq/1 to 12.7 Bq/1 in one wash. The
concentrations of ¥V and ' Cr vary little even after three washes. ¥V slowly
decreases from 4.51 Bq/1 to 1.95 Bq/1 whereas *'Cr decreases from 13.0 Bq/1
to 8.33 Bq/L.
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Figure 5.17: Specific activity of the leached water as a function of the mixing
time for the soil-water mixing system, after correction for the decay
and the concentration.

5.4.6 Fraction of radioactivity leached into the water

The activity concentration of the leached water for both systems was
compared with the radioactivity measured in the activated soil in order
to estimate the fraction leached out. Tables 5.14 and 5.15 show the ratio
A;(leachedwater)/A;(soil) for the mixing and flowing systems, respectively,
where A; is the activity of the radionuclide 7. Since the liquid scintillation
analysis cannot be performed on the soil, the tritium activity measured in
the leached water was compared with the tritium estimated in the soil by the
FLUKA simulations. Figure 5.19 shows the leached fraction of *H and ??Na,
the two radionuclides of major interest in this study. Most of the radioactiv-
ity leached into the water just after 8 hours of mixing time (mixing system)
or after the first washing (flowing system). In the first case, the longer the

soil is mixed with the water, the more radioactivity is leached out. After two
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Table 5.11: Radioactivity measured in the leached water after correction for the
decay and the concentration for the soil-water mixing system.

Mixing - Speillgiz Activity (B2<2:11<T 1; —
time
(t19=12.32'y) | (t1,2=53.1d) | (t1/0=2.6y) | (t1/0=16d)
8h 518 £+ 31 5.84 £+ 3.03 96.7 £ 5.8 | 8.21 £ 0.49
32d 041 + 32 - 131 £ 8 10.2 £ 1.3
61 d 042 £ 32 - 136 £ 8 16.1 £ 2.1
123 d 542 £+ 33 - 144 £ 9 -

Table 5.12: Radioactivity measured in the leached water including the decay
correction for the soil-water flowing system.

Flowing ' Specific Activity (Bq/1)
time H "Be %Na By SLCr
(t1/9=12.32 y) | (t1/2=53.1d) | (t1/2=2.6y) | (t12=16 d) | (t1/0=27.7 d)
8 h 384 + 23 8.48 + 2.40 126 £ 6 4.51 £+ 0.28 13.0 &+ 3.2
8h 3.23 + 0.93 - 12.7 + 0.9 255 +14 9.16 £ 4.57
8 h 1.67 + 0.90 - 3.15 £0.22 | 1.95 + 1.23 | 8.33 + 3.67
8 h 2.05 £ 1.09 - 4.71 +£ 0.54 - -

months of mixing, 39% of the *H and 11% of the ??Na are leached into the
water. For the flowing system, the fraction leached in one wash is 27% for
3H and 10% for 22Na. As from the second filtration step, the fraction leached
falls down to a few per cent for both radioisotopes. It is clear that the mixing
system is a much more efficient way to extract radioactivity from the acti-
vated soil. It is also interesting to compare the tritium leached into the water
with its activity in the bulk and in the moisture of the activated soil. The
tritium activity in the soil moisture Ay.;(moisture) can be estimated from
the tritium activity measured in the activated water sample (Table 5.10).
Since the measured soil moisture is 5% by weight (see §5.4.1), i.e. 5 g for
100 g of soil, it can be assumed that:

Aprir(moisture) = Ay(water) x5 g = (145 £ 9) Bq (5.20)
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Figure 5.18: Specific activity of the leached water as a function of the filtra-

tion steps including decay time correction for the water-soil flowing
system.

where Ay (water) is the specific activity of *H in the activated water, i.e.

(28.9 + 2.9) Bq/g. The total activity of *H in the soil A% (soil), is given by:

trit
Al (s0il) = Ayir(soil) x 100 g = (1410 + 30) Bgq (5.21)

where Ay.i(s0il) is the specific activity of H estimated by FLUKA in the
soil (Table 5.10), i.e. (14.1 & 0.3) Bq/g. The tritium activity in the bulk of

the activated soil Ay (bulk) can thus be estimated as follow:
Apir(bulk) = A (s0il) — Agir(moisture) = (1265 + 105) Bg  (5.22)

where Ay.ii(moisture) and Al% (soil) and are given by expressions (5.20) and
(5.21). Table 5.15 summarizes the results and shows the moisture fraction

leached Ay.ii(leached water)/Ayi(moisture) and the bulk fraction leached
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Ayrir(leached water) /Ay (bulk) for the mixing and flowing system. Both
systems leached out 100% of tritium produced in the moisture. The mixing
system extracted 32% of tritium produced in the bulk, whereas the flowing
system only 20%.

The complete gamma spectrometry and liquid scintillation results and
more details on the calculations I performed to estimate the radionuclides
leached into the groundwater can be found in Refs. [94,95].

Table 5.13: Fraction of radioactivity leached into the water in the mixing sys-

tem. *Compared with the tritium activity estimated by FLUKA
simulations (Table 5.10).

Fraction Leached (%)
8h [32d]61d]123d

SH* | 1232y | 36.7 | 38.4 | 38.5 | 38.5
"Be 53.1d | 001 | - —~ —
22Na, 26y | 7.74| 105 | 10.9 | 11.5
By 16d |088|1.09 | 1.73| -

Nuclide t1/2

Table 5.14: Fraction of radioactivity leached into the water in the flowing sys-
tem. *Compared with the tritium activity estimated by FLUKA
simulations (Table 5.10).

Fraction Leached (%)
8h [32d]61d]123d

SH* | 1232y | 27.2 | 0.23 | 0.12 | 0.15
"Be 53.1d | 0.02| - - -
22Na, 26y |10.1 | 1.02 | 0.25 | 0.38
a8y 16d |0.48 | 0.27 | 0.21 -
S1Cr 27.7d | 0.52 | 0.37 | 0.33 —~

Nuclide t1/2
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Figure 5.19: Fraction of >H and ??Na activities leached into the water for both
systems.

Table 5.15: Fraction of tritium activity leached out from soil bulk and moisture
for both systems.

Activity (Bq)
3H (mixing) ‘ 3H (flowing)

Soil bulk (FLUKA) 1265 + 105 | 1265 + 105
Soil moisture (5 g) 145+ 9 145+ 9
Leached water 542 + 33 384 + 23
Fraction of moisture activity leached out 100% 100%
Fraction of bulk activity leached out 31.4% 18.9%




Chapter 6

Prediction of the induced
radioactivity for the future
CERN Linac4 accelerator

This chapter discusses the FLUKA Monte Carlo simulations performed
to predict the residual radioactivity in the new 160 MeV proton linear ac-
celerator (Linac4) that is being installed at CERN to replace the present
50 MeV Linac2 as injector of the Proton Synchrotron Booster (PSB). This
study is based on the assumption that Linac4 will be operated at the design
beam parameters for LHC high-luminosity operation during a period of 30
years, with a schedule of about 7000 hours per year. In this work, I estimated
the induced radioactivity in the main linac accelerator components and the
residual dose rate in the tunnel for various beam energies and several decay
times. The component activation was also compared with the exemption
limits according to the current Swiss legislation and to the CERN design

values.
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6.1 The Linac4 injector

A programme for the progressive replacement and upgrade of the LHC
injectors has been defined at CERN for two main reasons: firstly, to increase
the LHC luminosity beyond the nominal value by the improving the beam
brightness from the injector complex, which is now the main limiting factor
towards higher luminosity. A second motivation is the replacement of the
present cascade of injectors, which has been built between 1959 and 1978 and
in the past few years has raised concerns for its long-term reliability, with a
more modern, reliable and easier to maintain system, where transfer energies
and beam parameters are optimized for the LHC needs [97]. Moreover, new
low energy accelerators can be made compatible with operation at higher
beam power that could be required by future physics needs. One of the main
elements in this project of renovation of the LHC injection chain is the Linac4
accelerator.

Linac4 is a 160 MeV, 40 mA H™ accelerator which in a few years will be
the source of protons for all accelerators at CERN [98,99]. It is an 86-m
long normal-conducting linac made of an H™ source, a Low Energy Beam
Transport (LEBT), a Radio Frequency Quadrupole (RFQ), a chopping line

and a sequence of three accelerating structures (Table 6.1):

e Drift-Tube Linac (DTL) consisting of three tanks with output energy
of 50 MeV;

e Cell-Coupled DTL (CCDTL) consisting of 7 modules of three coupled
3-cell DTL-type cavities with output energy of 100 MeV;,

e Pi-Mode Structure (PIMS) consisting of 12 tanks of 7-cell pi-mode
structures with output energy of 160 MeV.

Linac4 will operate at 2 Hz, with a peak current of 40 mA and a pulse length
of 0.4 ms as PSB injector. These parameters correspond to 0.08% beam duty
cycle and 0.032 mA average current or 2:10* protons/s, equivalent to a beam
power of 5.1 kW at the top energy of 160 MeV. Linac4 has been designed
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Figure 6.1: Schematic view of the Linac4.

to replace the present 50 MeV Linac2 as injector of the Proton Synchrotron
Booster (PSB). The higher injection energy will allow the production by the
PSB of beams with increased brightness as required by the High-Luminosity
LHC. The overall architecture of the Linac4 is schematically shown in Fig. 6.1

Table 6.1: Linac4 main accelerating structures and their output energies.

] \ DTL \ CCDTL \ PIMS ‘
Number of cavities 3 7x3 12
Length [m] 19 26 23
Output Energy [MeV] | 50 100 160

6.2 Prediction of induced radioactivity in ma-

chine components

The estimation of the induced radioactivity in the components of the
accelerator is particularly important for maintenance interventions and the
final disposal of radioactive waste. Safety is the main reason to perform a
radiation protection study already during the design and construction phase.
It must be demonstrated that the ALARA (As Low As Reasonably Achiev-
able) principle has been taken into account in the design of the new facility.
Components that can become activated must be designed in such a way as
to facilitate dismantling, handling and storage of the activated parts in order

to minimize the radiation dose to workers.
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In order to assess the residual activation for various beam energies and
several decay times a series of FLUKA Monte Carlo simulations were per-
formed, using a detailed geometrical model of the accelerator based on the

existing geometry implemented in the code a few years ago [100].

6.2.1 FLUKA calculations

Apart for components directly hit by the beam (e.g. collimators or aper-
ture restrictions), most of the induced activity in proton accelerators in the
100 MeV range is due to the stray neutron field. Monte Carlo models used
to estimate induced radioactivity in accelerator components must be able to
reliably predict nuclide production in arbitrary target elements and at en-
ergies ranging from thermal neutrons to neutrons with energy close to the
maximum accelerator energy. In this study we used the Monte Carlo code
FLUKA (version 2011.2.17), which is an appropriate code for estimating in-

duced radioactivity in a wide range of accelerator facilities (see chapter 3).

Geometry

The FLUKA simulations were performed using a detailed geometrical
model of the main accelerating structures based on the existing geometry
implemented a few years ago for a previous study [100]. This geometry was
modified in the material composition of the DTL tanks, where the ST-52
steel was replaced by ST-304L steel, and in the CCDTL section, where two-
thirds of the electro-magnetic quadrupoles (EMQ) were replaced by perma-
nent magnetic quadrupoles (PMQ). In the new CCDTL geometry the EMQs
are used between modules and the PMQs between tanks [101].

Beam loss assumptions and irradiation profile

In a linear accelerator the equipment activation is produced by scattered
particles escaping from the fields generated for controlling the focusing and

the acceleration and hitting the vacuum chamber. It is hard to predict and
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identify the beam loss locations because they will not be equally distributed
along the machine. Losses typically occur in the aperture restrictions of
quadrupoles, due to possible mismatch between linac sections. According to
the estimated particle loss distribution, it was assumed that constant losses
of 0.1 W occur every 10 m at selected points along the machine. This value
comes from the analysis of the beam losses [102] for a 6% duty cycle scenario,
indicating a maximum loss of 1 W in some "hot spots". During the LINAC4
operation as PSB injector at 0.033% duty cycle, losses would be theoreti-
cally reduced by a factor of 180 although it is expected that the sensitivity
of the beam loss monitors would not allow reaching such a low loss level.
A conservative value of 0.1 W per loss location was therefore assumed, 18
times higher than the minimum achievable loss level [103]. Table 6.2 shows
the seven beam losses for the three main accelerating structures with a to-
tal length of 70 m. It is evident that with increasing energy the number
of lost particles decreases for constant lost beam power (0.1 W every 10 m).
The calculation of the induced radioactivity was performed in three positions
(noted in bold in Table 6.2), representative of typical aperture restrictions
in the various sections of Linac4: the first drift tube of the third DTL tank
at 31 MeV, the quadrupole at 80 MeV within the CCDTL section and the
last quadrupole at 155 MeV within the PIMS section. For each position the
calculations also took into account the activation due to the two loss points
upstream and downstream. It should be underlined that this approach is
rather innovative in this type of study. The induced radioactivity depends

Table 6.2: Beam loss assumptions along the main accelerating structures. The
three activation study points are shown in bold.

\ \ DTL \ CCDTL \ PIMS \
Distance [m] 4 12 23 35 45 55 66
Energy [MeV] 11 31 57 80 100 128 155
Beam loss [p/s] | 5.67E+10 | 2.01E+10 | 1.09E+10 | 7.80E+09 | 6.24E+09 | 4.88E+09 | 4.03E409

on the irradiation profile, which includes periods of operation at various beam
intensities alternating with shutdown (maintenance) periods. Although the

Linac4 irradiation profile during its 30 years of planned operation is clearly
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impossible to predict exactly, a simplified but quite realistic irradiation pro-
file was derived from the present Linac2 yearly schedule, which consists of
an average operating time of 5000 hours per year. To include a safety mar-
gin, an average of 7000 hours per year was used in the present calculations
(corresponding to the yearly schedule of Linac2 without the year-long shut-
down every 4 years). The time profile of the irradiation included 29 cycles of
9.7 months of operation and 2.3 months of shutdown period, followed by a
final operating period of 9.7 months. The total irradiation time was 2.1-10°
hours and the accumulated number of protons was 1.52-10'° for the DTL at
31 MeV, 5.90-10*® for the CCDTL at 80 MeV and 3.04-10'® for the PIMS
at 155 MeV. Figures 6.2 - 6.4 show the profiles of the beam losses in these
positions and the accumulated number of lost protons as a function of the

irradiation time.
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Figure 6.2: Beam loss profile and accumulated number of lost protons as a func-
tion of irradiation time in the DTL section (31 MeV).
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tion of irradiation time in the CCDTL section (80 MeV).
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Physics

The full electromagnetic and hadronic cascades were simulated in the
main accelerator components including particles back-scattered from the
beam tunnel walls. The cascades initiated by 1-107 primary protons were
simulated in a total of 100 FLUKA runs (for a total of 1-10° primaries) for
every beam loss (7 loss points). For an accurate description of all the nuclear
processes relevant for isotope production, the evaporation of heavy fragments
and the coalescence mechanism were explicitly turned on via two separated
PHYSICS cards. The card DEFAULTS was used, setting defaults for preci-
sion simulations. The particle transport threshold was set at 100 keV, except
for neutrons that were transported down to thermal energies. The low energy
neutron transport (below 20 MeV) was performed using the multi-group ap-
proach, updated to the new 260 group library. The RADDECAY card with
the "Decays option" activated was used to simulate radioactive decays and
to set the corresponding transport conditions. This allows the time evolu-
tion of induced radioactivity to be calculated analytically for fixed cooling
times considering daughter nuclei as well as associated radiation at these

fixed times.

Scoring

The production of residual nuclei and their radioactive decay were per-
formed by FLUKA in the same run. The RESNUCLEI card scored the resid-
ual nuclei produced in inelastic interactions, while the radioactive decay was
calculated using the RADDECAY, DCYSCORE, DCYTIMES and IRRPRO-
Flle cards, taking into account the decay chains, build-up of isotopes and the
irradiation profile. The USRBIN card scored the dose equivalent (DOSE-EQ
card) along the accelerator tunnel and the total activity (ACTIVITY card)
in selected regions. The USRTRACK card scored the particle spectra in the
three beam impact areas under study. The data files produced were then
post-processed with an offline code distributed together with FLUKA (usr-

suwev.f) to merge results in binary form and to compute standard deviations
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over several runs.

Particle fluence spectra

Each Monte Carlo simulation included the scoring of energy spectra of
neutrons, protons and photons at the three beam impact points under study.
Apart for components directly hit by the beam (e.g. collimators or aperture
restrictions), most of the induced radioactivity in proton accelerators in the
100 MeV range is due to the stray neutron field. Figure 6.5 compares the
neutron energy spectra at the location of the three loss points under study
for all sections. Figure 6.6 compares the neutron fluence spectra in the drift
tube and in the tank surrounding the beam impact point in the DTL (shown

in Figure 6.7).

E—— DTL

E do/ dE [cm?]

10-10
10-11
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Figure 6.5: Comparison of the neutron fluence spectra at the three beam impact
points: 31 MeV (DTL), 80 MeV (CCDTL), 155 MeV (PIMS).
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Figure 6.6: Comparison of the neutron fluence spectra in the first drift tube and
in the third tank of the DTL section.

Figure 6.7: Half section of a full-scale DTL prototype in assembly stage [Cour-
tesy of Linac4 team]. The numbers indicate the first drift tube (1)
and the tank (2) where the neutron spectra of Figure 6.6 were sim-
ulated.
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6.2.2 Induced Radioactivity

Residual radioactivity was scored for the most important components of
the accelerator for several decay times, from just after the final shutdown
up to 500 years. For each component we estimated not only the activation
produced by the direct impact of the beam at the given loss point, but also
the induced radioactivity due to the secondary particles coming from the two
adjacent loss points, downstream and upstream. The complete radionuclide
inventory for each component and all sections can be found in Ref. [104].

For every radionuclide the specific activity for several cooling times was
compared with the exemption limits given in the current Swiss legislation
(Swiss ORaP 2013) [105] and with the CERN exemption values used in design
studies [106] for future accelerators (Table 6.3). The latter represent, for
each nuclide, the minimum of the exemption limits that will be adopted by
future European Directives and national legislations and are thus considered
as conservative values. They are much more restrictive than those provided

in the present Swiss legislation

Drift Tube Linac (DTL)

In the DTL section the proton beam impinges with a small angle (1 mrad)
on the first drift tube of the third tank. The specific activity has been
estimated in the following components of the third tank: the drift tubes; the
permanent magnetic quadrupoles (PMQ); the stems; the girders; the tank;
the vacuum chamber and the electromagnetic quadrupole (EMQ) upstream
of the loss point; the waveguide and the support closest to the loss point.

Figure 6.8 shows the specific radioactivity as a function of cooling time
for the DTL. It is interesting to notice that the PMQs are the most active
components, as expected due to their high cobalt content. After 50 years
of decay time the residual activation of the drift tubes exceeds that of the
PMQ@s because of the high production yield of *Ni, which is the longest-lived
radionuclide (t1/, = 96 y) found in the radionuclide inventories.

Figures 6.9 and 6.10 show the ratio between the specific activity and the



112

6. Induced radioactivity in the CERN Linac4 accelerator

Table 6.3: Main radionuclides found in the Linac4 components and current

(Swiss) and future (design) exemption limits.

. LE [Bq/kg

Nuclide | - Tyjp —gor e [105][\ D/esig]n [106]
3H 12.3 y | 2.00E+005 | 1.00E+005
22Na, 2.6y | 3.00E4+003 | 1.00E+002
4“Ti/Sc | 47.3y | 2.00E+003 | 2.00E+003
45Ca 163 d | 1.00E4+004 | 1.00E+004
465c 83.83 d | 7.00E4+003 | 1.00E+4002
48y 16.24 d | 5.00E4003 | 1.00E4003
9y 330d | 6.00E+005 | 6.00E+005
SlCr 27.7d | 3.00E4+005 | 1.00E+005
52Mn 5.6 d | 6.00E4+003 | 1.00E+003
5Mn | 312.5d | 1.00E+004 | 1.00E+002
55Fe 2.7y | 3.00E4+004 | 3.00E+004
%6Co 78.76 d | 4.00E+003 | 1.00E+002
5Co 270.9 d | 5.00E+004 | 1.00E+003
%8Co 70.8 d | 1.00E+004 | 1.00E-+003
9Fe 44.5d | 6.00E4-003 | 1.00E4003
60Co 5.27y | 1.00E+003 | 1.00E+002
63N 96y | 7.00E4004 | 7.00E4004
657n 243.9 d | 3.00E4+003 | 1.00E+4002
88y 106.6 d | 8.00E+003 | 8.00E+003
887r 83.4d | 3.00E4004 | 3.00E+4004
1459 340 d | 5.00E+004 | 5.00E4004
M9Ey 93.1d | 1.00E4+005 | 1.00E+005
152w | 13.33 y | 7.00E+003 | 1.00E+002
154y 8.8y | 5.00E4+003 | 1.00E+002
155y 4.96 y | 3.00E4+004 | 1.00E+003

Swiss exemption limits (Figure 6.9) or the CERN design values (Figure 6.10)
as a function of cooling time, integrated over all radioisotopes for the main
components of the accelerator. In the DTL structure most of the components
are below the limits of specific activity soon after the shutdown. Only the
vacuum chamber, the drift tube and the PMQs need more than 2, 10 and 50
years of cooling time, respectively (Figure 6.10). The PMQs show the highest
fraction of the exemption limit and the longest decay time to decrease below
the limit because of their high cobalt content: after 2 years of decay time the

highest contribution (56.5%) to the quantity is given by ®Co.
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6.8: Specific radioactivity as a function of cooling time in the main DTL
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cooling time for the DTL components.
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Figure 6.10: Fraction of CERN design exemption limits (specific activity) as a
function of cooling time for the DTL components.

Cell Coupled Drift Tube Linac (CCDTL)

In the CCDTL section the proton beam impinges with a small angle
(1 mrad) on the vacuum chamber between the first and the second tank of
the 5th module. The specific activity has been estimated in the following
components in the 5th module: the vacuum chamber and the PMQ between
the first and the second cavity; the EMQ closest to the loss point; the tank
wall downstream of the loss point; the copper plating downstream of the loss
point; the first nose-cone downstream of the loss point; the first drift tube
downstream of the loss point; the copper and stainless steel stem downstream

of the loss point; the waveguide and the support closest to the loss point.

The most active component in the CCDTL is the vacuum chamber be-
cause it is directly hit by the beam (Figure 6.11). After 2 years of cooling,

the main contributors to the total activity are *’Mn and 5°Fe, whilst 44Ti/Sc
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and %Ni are responsible for the residual radioactivity at very long decay
times. If the specific activities of the support and the waveguide are below
the Swiss exemption limits already at the shutdown (Figure 6.12), at least
two years are required in case of the design exemption limits (Figure 6.13).
After 50 years all CCDTL components are below the design limits except for
the vacuum chamber and the PMQs.
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Figure 6.11: Specific radioactivity as a function of cooling time in the main
CCDTL components.

Pi-Mode accelerating structure (PIMS)

In the PIMS section the proton beam impinges with a small angle (1 mrad)
on the vacuum chamber between the 11" and the 12! tank. The residual
radioactivity has been estimated in the following components: the vacuum
chamber between the 11" and the 12" tank; the EMQ adjacent to the vac-

uum chamber; the left and the external wall of the 12" tank downstream of
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the loss point; the external wall of the 11** tank upstream of the loss point;
the nose-cone and the copper cylinder of the 12! tank located downstream
of the loss point; the support and the waveguide closest to the loss point.
As evident from Figure 6.14, the most active components are the vacuum
chamber and the EMQ, with specific activity higher than 1 x 10* Bq/g af-
ter one year of cooling. The major contribution to the total fraction of the
design exemption limits after two years of cooling comes from *Mn for both
the vacuum chamber and the EMQ. In spite of the higher beam energy than
in the other sections of the accelerator, the support is below the Swiss limits
from the beginning (Figure 6.15), but for the design limits most of the PIMS

components are still rather radioactive after five years (Figure 6.16).

Total radioactivity

A region-independent scoring (Cartesian binning) of the distribution of
the total radioactivity over the three beam loss points in each section of the
linac was carried out for five cooling times. Figure 6.17 shows the activation
profile in the third DTL tank. The activity was estimated in 182 bins, 83.5 cm
high (x-axis), 105 cm wide (y-axis) and 4 cm long (z-axis), for a total length of
7.28 m. The beam loss points at 12 m distance and 31 MeV energy is clearly
visible. Starting from 1 month of decay time, a wavy profile is visible due to
the substantially higher residual activation of the PMQs with respect to the
rest of the machine. Beyond 19 m the activity increases again because of the
next beam loss point. Figure 6.18 shows the activation profile of the fifth
CCDTL module, which consists of three tanks. The activity was estimated
in 179 bins, 105 cm high (x-axis), 76 cm wide (y-axis) and 2 cm long (z-
axis), for a total length of 3.58 m. The beam loss points at 35 m distance
and 80 MeV energy is clearly visible. Figure 6.19 shows the activation profile
of the 12th and 13th PIMS tank. The activity was estimated in 190 bins,
80 cm high (x-axis), 55 cm wide (y-axis) and 2 cm long (z-axis), for a total
length of 3.8 m. The beam loss points at 66 m distance and 155 MeV energy

is clearly visible.
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Figure 6.17: Profile of the total radioactivity in the third DTL tank along the
beam axis (z) for five decay times.
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Figure 6.18: Profile of the total radioactivity in the fiftth CCDTL module along
the beam axis (z) for five decay times.
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Figure 6.19: Profile of the total radioactivity in the 12th and 13th PIMS tank
along the beam axis (z) for five decay times.
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6.3 Estimation of residual dose rates

The ambient dose equivalent rate due to residual radioactivity was calcu-
lated along the beam axis both inside and at 10 cm distance from the tanks
for 5 decay times: immediately after the end of the operation and after one
month, six months, one year and two years. Each plot takes into account
the dose rate due to the beam loss point under study and the two adjacent
loss points, downstream and upstream. The dose rate plots for every cooling

time and all machine sections can be found in Ref. [104].

6.3.1 Drift Tube Linac (DTL)

In the DTL section the dose rates are rather low due to the comparatively
low beam energy. Figure 6.20 shows the dose rate inside the tank for 5 decay
times. Dose rate peaks of about 100 ©Sv/h and 500 uSv/h can be observed
at the beam impact points at 11 MeV and 31 MeV, respectively. The last
peak is due to the dose rate from the downstream loss point at 57 MeV
energy. Figure 6.21 shows the DTL dose rate at 10 cm from the tank. After
one month of decay time the dose rate decreases below 1 puSv/h and never
exceeds 10 pSv/h even immediately after shutdown. Figure 6.22 shows the
dose rate plot calculated along the z-axis of the DTL section (top view, y-

axis) after 6 months of cooling time.

6.3.2 Cell Coupled Drift Tube Linac (CCDTL)

Whereas the DTL quadrupoles are shielded by the drift tube and by the
tank, the quadrupoles in the other sections of the accelerator are directly
accessible. The ambient dose equivalent rate inside the CCDTL tank is
showed in Figure 6.23. A dose rate of 10 mSv/h can be reached at the
80 MeV beam loss point, which is a critical location because of the permanent
magnetic quadrupole (PMQ) near the vacuum chamber. Figure 6.24 shows
that a few localized "hot spots" in correspondence of the quadrupoles can
push the dose rate up to 100 pSv/h at 10 cm from the tank. On the other
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Figure 6.21: Ambient dose equivalent rate at 10 cm from the DTL tank along

the beam axis (z) for five decay times.
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Figure 6.22: Ambient dose equivalent rate in the DTL section after 6 months of
cooling time.

hand, the dose rate decreases quickly far from the beam loss points reaching
0.1 uSv/h in just one month of cooling time. The difference in the dose rate
between the first (EMQ) and the second (PMQ) activation point is rather
due to the different material composition than to the difference in energy.
Starting from 6 months of cooling time the dose rate peaks caused by the
PMQ magnets along the CCDTL section are clearly visible.Figure 6.25 shows
the dose rate plot calculated along the z-axis of the CCDTL section (top view,

y-axis) after 6 months of cooling time.

6.3.3 Pi-Mode accelerating structure (PIMS)

In the PIMS structure the dose rate distribution is more uniform (Fig-

ure 6.26). Although the beam losses can occur at the maximum energy, the
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Figure 6.23: Ambient dose equivalent rate inside the CCDTL tank along the

beam axis (z) for five decay times.
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the beam axis (z) for five decay times.
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Figure 6.25: Ambient dose equivalent rate in the CCDTL section after 6 months
of cooling time.

highest dose rate does not exceed 100 puSv/h at 10 cm from the tank (Fig-
ure 6.27). Along the accelerating structure the dose rate varies in the range
0.01 - 1 uSv/h after 2 years of decay time. Figure 6.28 shows the dose rate
plot calculated along the z-axis of the PIMS section (top view, y-axis) after

6 months of cooling time.

6.4 Discussion

FLUKA simulations using a detailed geometrical model of the accelerator
were carried out to predict the induced radioactivity in Linac4 after 30 years
of operation and for various decay times. The following estimations were
performed: residual radioactivity in the main accelerator components; com-

parison with current (Swiss) and future (CERN design) exemption limits;



126 6. Induced radioactivity in the CERN Linac4 accelerator

Dose Rate in PIMS (tank)

10000 f T T T T
r no cooling ——

1000 |

100 E

=
o
T

Dose Rate (uSv/h)
[

01f

4500 5000 5500 6000 6500
Distance along the z-axis (cm)

Figure 6.26: Ambient dose equivalent rate inside the PIMS tank along the beam
axis (z) for five decay times.

Dose Rate in PIMS (10 cm)

< il 1 Egz I’ﬁ
Ay drwvatyywi
ROMRE A

Distance along the z-axis (cm)

Figure 6.27: Ambient dose equivalent rate at 10 cm from the PIMS tank along
the beam axis (z) for five decay times.
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Figure 6.28: Ambient dose equivalent rate in the PIMS section after 6 months
of cooling time.

profile of the total activity for the three beam loss points under study; dose
rate in the whole accelerator structure for five cooling times (time zero, one
month, six months, one year, two years); particle energy spectra (neutrons,
protons and photons) at the beam impact points.

It is predicted that most of the components in the DTL can be dismantled
soon after the final shutdown. The mean storage time required is two years
for the vacuum chamber, 10 years for the drift tubes and 50 years for the
PMQs. In the CCDTL the dismantling is recommended after two years of
cooling. After 10 years about half of the accelerator components are below
the exemption limits. The longest decay time foreseen is 100 years for the
vacuum chamber. In the PIMS the dismantling should start after five years
of cooling. Half of the PIMS components are expected to be below the limits

after 20 years. The longest estimated decay time is 100 years for the vacuum
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chamber. Dose rates at 10 cm from the tank vary in the range of 0.1 to
1 pSv/h for the DTL and between 1 uSv/h and 100 xSv/h for the CCDTL.
Although the beam losses can occur at the maximum energy in the PIMS,
the highest dose rate does not exceed 100 uSv/h at 10 cm from the tank.

It is important to point out that the values of the induced radioactivity
predicted in this study were estimated for the most probable scenario avail-
able at the present time, i.e. 0.1 W of beam losses every 10 m for 30 year
operation. In case of a different loss pattern, irradiation profile or machine
operating parameters, one can expect a corresponding increase/decrease in
beam losses and, therefore, in machine activation depending on the new sce-
nario. It is most likely that the activation will not be uniformly distributed
along the machine. The components indicated as activated in this study
could in reality be only partially radioactive, depending on the distance from
the beam loss points. It may be feasible that, at the time of dismantling, a
given component is cut in pieces and that each piece is either disposed of as
conventional waste or stored as radioactive. This is of course hard to predict
at this stage and only operational radiation protection measurements on each
machine components after the final shutdown will provide the real activation
scenario and allow deciding e.g. on the required cooling time.

More details on the Linac4 study can be found in Refs. [104,107,108] and
in the forth paper of the Appendix.



Conclusions

This thesis presents the study of induced radioactivity I carried out in
different proton accelerator facilities. During my PhD work I studied in detail
three selected cases using both computational (Monte Carlo and analytical)

techniques and experimental measurements.

The first case was the analysis of the radiological status of the old CERN
600 MeV synchro-cyclotron 20 years after shutdown. Gamma spectrometry
measurements were performed on concrete cores taken from various parts
of the building walls. I calculated the activation products and the residual
radioactivity in the barite walls using the FLUKA and JEREMY codes. The
calculation was rather challenging due to the uncertainties in the FLUKA
input values: irradiation conditions over 33 years of operation (from 1957 to
1990), size and elemental composition of the concrete samples, estimate of
the beam losses and of their location with respect to the shielding walls, etc.
The results of the simulations were compared with the gamma spectrometry
measurements. In most cases the difference between measured and calculated
value is within a factor of 2 for both codes, a rather remarkable agreement.
These results demonstrate that both FLUKA and JEREMY can be success-
fully used to simulate the isotope production and the residual radioactivity
with only a very approximate knowledge of the irradiation profile and after

a very long (20 years) cooling time.

The second case under study was the activation of metallic and soil-
shield samples. The main focus was set on the calculation of the cross sec-

tions of proton- and pion-induced spallation reactions on "*Cu and "*Fe

129
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targets at 120 GeV. Since copper and iron are used in all accelerator fa-
cilities, these spallation reactions are of utmost importance in activation
studies. The cross sections for the production of 14 radioisotopes in copper
and 16 radioisotopes in iron were measured. The cross sections obtained in
this thesis are totally "brand-new": data on proton-induced spallation reac-
tions are only available at lower energies (below 30 GeV) and no data have
been published for pion-induced reactions. To obtain accurate cross sec-
tion measurements, the calibration factor of our primary beam monitor (an
ionization chamber) was carefully verified via different techniques. The well-
known 27Al(p,3pn)*Na monitor reaction was employed along with, for the
first time, the "*Cu(p,x)?!Na as a promising reaction for beam monitoring.
Their theoretical bases were explained in detail and the various factors to be
taken into account for a proper calibration were discussed. The calibration
factor estimated via FLUKA simulations is in excellent agreement, within
the uncertainties, with those obtained with the activation experiments per-
formed in this thesis work. These values are also in good agreement with the

results obtained in the past with different techniques.

The activation of the soil-shield samples was performed at the HIIRRAD
test facility at CERN. Gamma spectrometry and beta scintillation analysis
were carried out to determine the radioactivity induced in the samples. 1
used FLUKA to benchmark the experimental results and to estimate the
concentration of the 3H in the soil. Two leaching procedures were employed
and compared to quantify the amount of radioactivity leached out of the soil
into the water. The mixing system was able to remove up to 39% of >H and
12% of ?2Na from the irradiated soil. The flowing system extracted 28% of
3H and 11% of 22Na. I was also able to distinguish the amount of tritium
coming from the soil moisture and the one coming from the soil bulk. This
was the first time that such a result could be obtained. For both systems the
amount of tritium leached out was 100% of the tritium produced in the soil
moisture, but only 31% (mixing) and 20% (flowing) of the tritium produced
in the soil bulk.
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Finally, I performed a detailed study to predict the induced radioactivity
in the new CERN injector linac, Linac4, after 30 years of foreseen operation
and for various decay times by FLUKA simulations. The induced radioactiv-
ity was estimated for the most probable scenario, i.e. 0.1 W of beam losses
every 10 m for 30 year operation. Seven beam losses for the three main ac-
celerating structures were simulated. For each position, my calculations also
took into account the activation due to the two loss points upstream and
downstream, a rather innovative approach in this type of study.

The results of this thesis provide with new insight into nuclear physics.
They contribute to a better understanding of the nuclear processes leading to
induced radioactivity in proton accelerator facilities. This study confirmed
the prediction capabilities of the nuclear interaction models employed by
FLUKA at the energies of interest. The new experimental cross sections
obtained in this work at 120 GeV are comparable with the values available
in the literature at the highest energies, i.e. around 20-30 GeV, confirming
that the cross section is energy independent above a certain energy. This
behaviour is coherent with the fact that above about a few hundred MeV,
the total elastic and non-elastic cross sections for hadron-nucleus collisions

are approximately constant as it is foreseen by many physical models.
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The 600 MeV synchro-cyclotron (SC) was the first accelerator that came into operation at CERN in 1957.
It provided beams for CERN’s first particle and nuclear physics experiments and operated for 33 years
until it was shut down in 1990. In view of a planned partial decommissioning of the facility, a range of
measurements were carried out to evaluate the levels of residual radioactivity in the accelerator and its
surrounding after about 20 years of cooling time. Gamma spectrometry measurements were performed
on 113 samples collected inside the three floors of the accelerator vault, on the cyclotron itself and on
concrete samples taken from various parts of the building walls, up to a depth of 50 cm in the shield.
About 40% of all samples contain traces of neutron-induced radionuclides, mainly %°Co (in metals),
133B3, 137Cs, '52Eu and '**Eu (in concrete). Values of specific activities range from 5 mBq/g to 781 Bq/g.
The maximum activity induced in concrete was observed at the depth of 40 cm in the wall near the
cyclotron extraction channel. The laboratory measurements were supplemented by in-situ gamma
spectrometry performed with the ISOCS system. A complete dose rate survey was also performed
yielding isodose maps of the three levels of the building. The isotope production and the residual
radioactivity in the barite walls of the SC bunker were simulated with the FLUKA and JEREMY codes in
use at CERN for predicting residual radioactivity in activated accelerator components, and the results
compared with the gamma spectrometry data. A detailed comparison of calculated and measured
specific activities shows generally good agreement, to within a factor 2 in most cases. These results
serve as indirect validation of the capabilities of these codes to correctly predict residual radioactivity
with only a very approximate knowledge of the irradiation profile and after a very long (20 years)
cooling time. Overall the results provided in this paper may be of use for estimating residual
radioactivity in proton accelerators of comparable energy and for benchmarking computer codes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

produced a wealth of physics results, which are concisely sum-
marised in the Proceedings of the SC 33 Symposium held at CERN

The 600-MeV synchro-cyclotron (SC) was the very first accel-
erator designed and built at CERN. The accelerator energy was
suggested by Enrico Fermi himself. The machine started operation
in 1957, soon after CERN was founded, before the proton
synchrotron (PS) was commissioned. Apart from an interruption
to undergo a major upgrade in the early 1970s (which included
the installation of a new axial ion source, radiofrequency system,
magnet coils and vacuum chamber), the accelerator had been in
operation for 33 years until it was shut down in 1990, providing
experiments with proton, neutron, muon and pion beams. The
first CERN ISOLDE facility was also served by the SC beam from
1967 until 1990, when it was moved to its present location at the
PS Booster. During its 33 years of operation the accelerator has

*Corresponding author at: CERN, Route De Meyrin, CH-1211, Genéve 23,
Switzerland.
Tel.: +41227677752.
E-mail address: francesco.paolo.la.torre@cern.ch (F.P. La Torre).

0168-9002/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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in April 1991 [1]. Only to mention a few, the m-ev decay
experiment, the ©*-n° decay experiment and the muon capture
experiment. The two experimental rooms were decommissioned
within a few years after shutdown, whereas the shielded vault
housing the accelerator has remained untouched to allow for
radioactive decay of its components. The building also served as a
storage area for discarded equipment coming from the dis-
mantled experimental areas.

In view of a partial decommissioning of the accelerator and
related equipment, a thorough measurement campaign was
conducted to evaluate the levels of residual radioactivity after
about 20 years of cooling time. Induced radioactivity at particle
accelerators is an important radiation safety issue for sorting out
radioactive and conventional waste and for potential free-
releasing metallic scrap. The main problem 20 years after shut-
down is due to the presence of long-lived radionuclides, their
activity concentration (specific activity) and, to a lesser extent,
the related dose rate.
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This work is the first step of a larger project, the purpose of
which is to finally convert the SC building into an exhibition hall
open to the general public [2]. In order to achieve this goal, a
complete radiological characterization of the accelerator vault,
including laboratory and in-situ gamma spectrometry measure-
ments with the ISOCS detector (In Situ Object Counting System),
was performed. Radiation levels were surveyed and dose rate
maps of the activated areas were drawn. One hundred and
thirteen samples collected from the scrap material, the walls
and the machine in the building were analyzed by gamma
spectrometry. This measurement campaign provided information
on the proper measures that will have to be taken at the time of
decommissioning, on the amount of scrap material that can be
expected to be radioactive and on the radionuclide inventory in
the material to be removed, information which is needed for its
elimination towards a final repository. The residual nuclei pro-
duced in the shielding walls and their activities were calculated
with the Monte Carlo code FLUKA [3,4] and the analytical code
JEREMY [5]. The calculations were performed at the approximate
locations were core samples were taken from the shielding walls
(see Section 3), in order to allow a direct comparison of experi-
mental data and predictions. The results of the calculations and of
the gamma spectrometry are compared and discussed.

The experimental and computational results provided in this
paper are intended to be of use for estimating residual radioactivity
in proton accelerators of comparable energy, for providing guidelines
for similar dismantling project and for benchmarking predictive
tools, be Monte Carlo or analytical codes.

2. The radiological situation
2.1. Twenty years ago

When the SC was closed at the end of 1990 after 33 years of
service, there were comparatively high levels of induced radio-
activity around the accelerator, with the presence of isotopes with
half-lives of several years. The accelerator was not constructed to be
readily dismountable, the vacuum chamber being welded to the
magnet pole pieces. There were radioactive parts which needed
special consideration. In case of decommissioning, the need to
physically separate the vacuum chamber from the magnet assembly
was in contrast with the comparatively high induced radioactivity
and the contamination of parts of the installation. A subsidiary
problem was that all the large steel blocks forming the magnet yoke
were tack welded together as well as being bolted.

In November 1991, eleven months after the end of operation, a
radiological survey was carried out, when all machine compo-
nents were still in place [6]. Fig. 1 shows a map of the residual
dose rate inside the SC hall measured at that time. Dose rates
varied between 0.5 mSv/h at 40 cm from the entrance of the
vacuum chamber and 1 mSv/h all around the vacuum chamber.
Higher values were present inside the chamber. The dose rate
inside the SC hall varied from a minimum of 10 puSv/h far from the
machine up to a maximum of 150 puSv/h near the proton and
neutron beam lines.

The long-term problem of induced radioactivity in accelerators
is of course created by the presence of long lived radionuclides,
the majority of which have half-lives of several years. Using
decay-corrected dose rates measured after different decay peri-
ods, it was estimated that one would have had to wait until the
year 2079 before the specific activity of °°Co inside the SC vacuum
chamber would have fallen below 2 Bq/g [7,8], the reference value
for free release at that time. Pros and cons of various options were
considered in 1991 and it was finally decided to wait for a
sufficient number of years to allow for radioactive decay.

v

100
.

B n.n.rﬂm’

Fig. 1. Dose rate (uSv/h) eleven months after the machine shutdown [6].

2.2. The present situation

From a radiation protection point-of-view, after a decay period
of 20 years there is no justification to wait further for decom-
missioning the facility. All short- and medium-lived radionuclides
have either disappeared or decayed below undetectable levels,
whilst the long-lived ones will not decay substantially over the
next 10 or 20 years. As mentioned above, since the SC was shut
down in December 1990, the shielded vault housing the accel-
erator has remained locked. In the mid-90’s the two experimental
rooms were decommissioned, and the buildings surrounding the
accelerator vault refurbished and converted into office space.

The major piece of equipment present in the accelerator vault
is the cyclotron itself. The heaviest component is the magnet,
which consists of approximately 2500t of iron. A complete
decommissioning of the facility that implies the removal of the
accelerator will be much more expensive that a partial decom-
missioning that foresees the elimination of all material present in
the hall except for the accelerator (magnet, coils, RF system, ion
source and vacuum system), followed by a clean-up (both radi-
ological and conventional) of all equipment that is left in place. As
the SC is an important piece of CERN history, it has been decided
that the building, the accelerator and other historical equipment,
properly cleaned, will be converted into a public exhibition hall.

The synchro-cyclotron building consists of three levels: the
ground floor at street level, which corresponds to the accelerator
mid-plane with the extraction beam lines; the underground level-1
that accommodates the bottom part of the machine; the under-
ground level-2 housing the axial support of the ion source and the
hydraulic bearing of two mobile shielded walls.

The rest of the paper describes the measurements undertaken
to characterize the present radiological status of the SC hall and

to benchmark computer codes used for estimating residual
radioactivity.

3. Radiation levels: Isodose maps
The dose rates inside the three floors and on the walls of the

accelerator vault were surveyed with an Automess 6150 AD6 GM
survey meter. In order to reach uncomfortable locations, a telescoping
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probe extendible to a length of approximately 4 m (Teletector 6150
ADT) was used, measuring both photon and beta radiation.

The ambient dose equivalent rate inside the whole building was
measured so as to draw a map of the activated areas. Fig. 2 shows
the isodose curves measured on the ground floor of the SC hall
where the cyclotron mid-plane and the extraction channels are
located. On this floor the dose rate varies between a minimum of
0.5 puSv/h, near the access staircase, and a maximum of 200 uSv/h
inside the cyclotron vacuum chamber. The highest dose rates are
expected from elements having been exposed to the proton beam
and to stray neutrons inside the chamber, like the acceleration
electrode (the so-called “dee”), the internal target supports and
platform, the probe and diagnostic targets, the coil, the ion source
and the extraction channel. It is known from measurements that
the level of the gamma radiation field is highest between the pole
pieces, and that the proton beam that is scattered in all directions
when it passes through the target, is absorbed by the dee and the
pole faces of the cyclotron. Thus it is natural to assume that the
iron of the magnet poles and the copper of the dee are the most
radioactive parts of the machine [9].

Concerning the walls of the SC vault, the highest values of dose
rate were found close to the north (~20 pSv/h) and south walls
(~10 pSv/h). There are basically two reasons for this: first, these
walls were traversed by the SC extracted beams, the neutron and
proton beams in the north and south wall, respectively, with
beam losses occurring during particle transport. Second, these
walls are made of heavy barite concrete in which long-lived
radionuclides (e.g., **Ba) have accumulated (see Section 5).

All around the machine, the mean radiation level is only 1 uSv/h
to 2 pSv/h, except for some “hot spots” near radioactive scrap
material with a dose rate peak of 160 uSv/h or close to a locker
containing radioactive equipment. No dose rate measurements
could be made just in front of the machine close to the large
vacuum pumps, because of material interposed there and obstruct-
ing the access.

The level-1 contains the present entrance to the SC vault (on the
east side of Fig. 3). Here the mean dose rate is ~0.5 uSv/h. This
location is heavily shielded by the magnet yoke and there is no
radioactive scrap material present. Slightly higher radiation levels,
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Fig. 2. Isodose curves (uSv/h) on the SC level 0 (ground floor), measured in
December 2010. The locations where concrete samples were taken are also shown
(A01 to A06). Note that the North points to the bottom of the figure. This drawing
reproduces the geometry of the SC hall at the end of 1990. The sketches in the
following Fig. 3 (level-1) and 4 (level-2) were obtained from this figure.

of the order of 1-2 pSv/h are found near the vacuum pumps and
the highest, about 5 pSv/h, in contact with them. Only one “hot
spot” of ~1.6 uSv/h is found far from the machine on a workdesk
near the west wall (Fig. 3), hosting radioactive equipment.

The lowest level-2 has an ambient dose rate very low, about
0.1 uSv/h, approximately equal to the natural background
(~0.08 uSv/h). Inside the small room located underneath the
accelerator and housing the axial ion source, the radiation levels
are even lower, about 0.05 puSv/h. The dose rate values increase
inside a room located on the south side of the vault (top of Fig. 4,
not shown in the figure) housing the hydraulic bearing of the two
movable neutron-shielding walls. Here two cupboards containing
old radioactive equipments show a dose rate of up to 15 pSv/h. At
the opposite side of this level, on the north side, there is a small
room also not showed in Fig. 4 housing the proton transfer line
from the SC to the old ISOLDE facility. Here, a dose rate of up to
5 uSv/h was measured near the transfer line components.
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Fig. 3. Isodose curves (uSv/h) on the SC underground level-1 measured in
December 2010. The locations where concrete samples were taken are also shown
(BO1 to BO3).

) 4 o <
28X A\ AN

Fig. 4. Isodose curves (uSv/h) of the SC underground level-2 measured in
December 2010. The locations where concrete samples were taken are also shown
(€01 and C02).
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4. Specific activity in material samples

Between July and December 2010, 113 samples were collected
from the three levels of the SC building and analyzed by v-
spectrometry. Among these samples, 69 were represented by
metallic parts, plates and blocks, pipe clumps, knobs, plugs and
connectors, screw bolts, washers and nuts, cable hooks and one
sample of oil used in the accelerator, picked up from scrap
material or taken from the machine (approximately 20 samples
per floor). The remaining 44 were concrete samples extracted
from the SC walls. Gamma spectrometry measurements were
performed using an extended range coaxial Ge detector (XtRa
Canberra, 2 keV FWHM at 1.33 MeV, relative efficiency > 40%)
and a coaxial Ge detector (Canberra, 1.8 keV FWHM at 1.33 MeV,
relative efficiency > 40%) of the ISOCS station. The counting time
ranged between a few minutes and several hours depending on
the residual radioactivity of the sample.

Table 1 lists the radionuclides identified along with their half-
life, the number of samples containing each given radionuclide
and the sample material. For each radionuclide the table gives the
minimum and maximum specific activity detected in the samples.
The main radionuclide detected in almost every sample is %°Co.
The activity of this radionuclide accounts for most of the residual
radioactivity in the machine and in the surrounding material due
to the large neutron capture cross-section of the 5°Co(n,y)®°Co
reaction.

The most recurrent radionuclide observed after 5°Co is 44Ti.
This radionuclide is very common in an accelerator environment.
Steel, although mainly consisting of iron, exists in many different
compositions including elements heavier than #“Ti. Stainless steel
also contains various fractions of natural chromium. Furthermore,
in accelerator materials one can find titanium, vanadium and
chromium in the form of impurities. Therefore, 4Ti can easily be
produced from isotopes of these elements in spallation and
fragmentation reactions. 44Ti has a half-life of about 60 years
and decay by electron capture, which in itself is very difficult to
detect, but it decays to the excited state of 4*Sc, which has a much
shorter half-life, with its own gamma and positron emissions.
Since a longer half-life means a lower production rate and thus a
lower specific activity, one usually sees the pair #Ti/**Sc in
radioactive materials that have been cooling down for several
years, when the shorter-lived radionuclides have been reduced
significantly.

The relatively short half-life of ??Na (t;/,=2.6 yr) compared to
the cooling period (~20 yr) is responsible for the detection of a
small amount of this radionuclides in two cases only. >?Na is
typically produced via the 2>Na(n,2n)*?Na reaction induced by
fast neutrons.

Traces of 26Al were found in one sample. This is a block fully
made of aluminium, found in the vault but probably coming from
inside the accelerator. This could explain the presence of 2°Al, which

Table 1

is produced via the 2’Al(p,pn)?°Al and 2°Mg(p,n)*°Al reactions by
high-energy protons. Indeed, most aluminium alloys use magne-
sium as an alloying element in order to improve the material
strength. Another possible production reaction is 2’Al(n,2n)?°Al.

42Ar was detected in one sample, which is the most active
sample collected with its 781 Bq/g of ®°Co and 89.3 Bq/g of
44Tj/*4Sc (Table 1). Because of the long half-life of the argon
radionuclide (t;,=32.3 yr), one usually sees **Ar/*?K. This sample
is a block fully made of copper certainly coming from inside the
cyclotron (due to its high dose rate of ~30 uSv/h), since a way to
produce “?Ar from copper is through spallation reactions induced
by high-energy protons [10]. This kind of reactions was employed
at the synchro-cyclotron, where targets of different materials
(including copper) were bombarded by 600 MeV protons in order
to estimate rare gas production cross-sections [11].

152Ey and '>*Eu were only detected in one sample, an electro-
nic component with ceramic cover. The europium isotopes
evidently come from neutron capture on trace amounts of >!Eu
and 1>3Eu.

Far less expected was the presence of the long-lived mercury
radioisotope '°*Hg with a half-life of 444 years, which is most
probably due to past experiments employing this radioisotope at
the former ISOLDE facility [12]. In 1980 the 600 MeV proton beam
was used to bombard a molten Pb target via spallation reactions
and produce, among others isotopes, 1%*Hg which is volatile. Due to
the long half-life the radionuclide detected was '**Au (t;,=38 h),
daughter nuclide of '**Hg.

In summary, of the 69 samples collected, only 19 contain at
least one radionuclide with a specific activity higher than 1 Bq/g
(the exemption limit given in the Swiss legislation [13] for most
radionuclides found in particle accelerator structures) and among
these, only 6 were fixed to the building or to the machine and
thus certainly belonging to the SC vault.

5. ISOCS measurements

The ISOCS (In-Situ Object Counting System) y-spectrometer, a
portable coaxial Ge detector (Canberra, 1.8 keV FWHM at
1.33 MeV, relative efficiency >40%) was used to obtain a quali-
tative estimation of the radionuclides present in the synchro-
cyclotron vault. The ISOCS measurements were performed at
level-1 of the SC building, “looking” at the machine components
as well as at the walls. This level was chosen because of the
presence of too much radioactive scrap material on the ground
floor (level 0) and of the very low radiation levels on the under-
ground level-2. Fig. 5 illustrates where the measurements were
performed and the approximate ISOCS field-of-view.

Seven measurements were performed with the 30 degrees
shield collimator to minimize the interfering radiation. The
results are given in Table 2, confirming the 7y-spectrometry

List of the radionuclides measured in the 113 samples collected inside the SC vault. For ®®Co and #*Ti/*Sc the maximum value found in one single sample coming from

inside the accelerator is given in brackets.

Radionuclide ty2 (years) Number of samples Range of specific activity (Bq/g) Material
Minimum Maximum

Co-60 5.27 55 0.05 +0.01 40 +4 (781 +47) Iron/steel

Ti-44/Sc-44 60.0 4 0.020 + 0.005 0.15+0.04 (90 £+ 9) Iron/steel

Ar-42[K-42 323 1 12.6 +3.6% 12.6 +3.6% Copper

Na-22 2.60 2 0.010 +0.005 1.52 +0.02 Aluminium

Hg-194/Au-194 444 2 0.020 + 0.005 0.9+0.1 Stainless steel

Eu-152 135 1 0.30+0.03 0.30+0.03 Ceramic/electronic

Eu-154 8.59 1 0.030 + 0.004 0.030 + 0.004 Ceramic/electronic

Al-26 7.4E+5 1 0.002 +0.001 0.002 +0.001 Aluminium
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measurements of material samples discussed in Section 4. About
the same radionuclides found in the samples were identified by
ISOCS at the same places where the samples were collected.

Only for the ISC-01, ISC-02 and ISC-07 measurements it was
possible to define a geometry template for ISOCS, in order to
obtain a quantitative analysis. It should be pointed out that the
parameters used in the geometry template (such as wall density
and depth) were approximate values and thus the specific activity
obtained is only an estimate of the exact values that were found
with the laboratory y-spectrometry.

6. Specific activity in concrete

During operation of an accelerator, the shielding walls are
activated by secondary particles, mainly neutrons, produced by
nuclear reactions on targets and at beam loss points during
acceleration, extraction and transport of the particle beam.
Although the specific activity of the radioisotopes induced in
materials surrounding the accelerator is generally low, the
amount of activated material could be rather large. The residual

1507

radioactivity in the concrete shields of the SC was also deter-
mined by y-spectrometry.

A total of 11 concrete cores were taken, 9 of which from the
walls and 2 from the SC basement. The cores were distributed as
follows: 6 at ground level (Fig. 2), 3 at underground level-1
(Fig. 3) and 2 at underground level-2 (Fig. 4). The concrete cores
were 50 cm deep and 5 cm in diameter. Each core was cut in slices
of about 10cm thickness. In all, 44 concrete samples were
analyzed.

The main radioisotopes found in concrete are '*>3Ba, !>2Eu,
154Ey, 137Cs and ®°Co (Tables 3 and 4). The east, north and south
walls at the SC ground floor are made of barite concrete, which
has improved shielding properties as compared to ordinary
concrete but worst features concerning activation. All samples
taken from the barite concrete walls show some residual radio-
activity. >Ba and '3’Cs were only detected in barite concrete.

Table 3
List of radionuclides detected in the barite concrete samples (level 0).

Radionuclide t,;; (years) Number of samples Range of specific activity

(Bq/g)

Minimum Maximum
Ba-133 10.5 29 0.33+0.04 116 +12
Eu-152 135 29 0.05 + 0.01 20+2
Cs-137 30.1 29 0.05+0.01 18+3
Eu-154 8.59 20 0.010 + 0.002 1.0+0.1
Co-60 5.27 25 0.010 +0.005 0.22 +0.02
Na-22 2.6 9 0.005 +0.003 0.06 + 0.02
Cs-134 2.06 8 0.005 +0.002 0.04 +0.01

Table 4

List of radionuclides measured in ordinary concrete (levels 0, —1 and —2).

Radionuclide ¢y, Number of Range of specific activity
(years) samples (Bq/g)
Minimum Maximum
Eu-152 135 9 0.010+£0.002 0.18 +0.02
Co-60 5.27 9 0.005 +0.001 0.010 +0.002
Eu-154 8.59 1 0.010 +0.003 0.010 +0.003
Na-22 2.6 2 0.005 + 0.003 0.005 +0.003
Fig. 5. ISOCS measurements on the SC underground level-1.
Table 2
Radionuclides identified with the ISOCS system on SC level-1.
Position Description Material composition Radionuclide ty)2 (years) Activity (Bq/g)
ISC-01 West wall Concrete Co-60 5.27 1.5+0.2
Eu-152 135 0.8+0.1
Ti/Sc-44 63.0 0.07 +0.02
Na-22 2.6 0.04 +0.01
1SC-02 Accelerator (North side) Iron/concrete Co-60 5.27 9+1
Eu-152 13.5 12402
Na-22 2.6 0.004 + 0.003
ISC-03 Vacuum pumps Iron/steel Co-60 5.27 Qualitative
Eu-152 13.5 Qualitative
1SC-04 Generators Iron/concrete Eu-152 13.5 Qualitative
Na-22 2.6 Qualitative
ISC-05 Passageway Iron/concrete Co-60 5.27 Qualitative
Eu-152 13.5 Qualitative
Na-22 2.6 Qualitative
ISC-06 Corner Iron/concrete Co-60 5.27 Qualitative
Eu-152 13.5 Qualitative
Hg/Au-194 444 Qualitative
Na-22 2.4 Qualitative
ISC-07 Accelerator (East side) Iron/steel Co-60 527 0.010 + 0.001
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The activation of trace elements (e.g., europium) and of metals
in sand yields long-lived radionuclides. These are mainly created
by neutron capture with high cross-sections and by threshold
reactions with lower yield. Because of the high cross-section of
151Ey for thermal neutrons and the long half-life of '>2Eu, this
radionuclide is present in large quantities in activated concrete.
152y was observed in all concrete samples, without exception,
while only 21 samples contain '>*Eu. The most probable produc-
tion reactions are '>'Eu(n,y)'>?Eu and '>Eu(n,y)'>*Eu. The several-
year half-lives (t;, (>?Eu)=13.5yr and t;» (***Eu)=8.6yr) and
very large capture cross-sections for thermal neutrons greatly
enhance the sensitivity with which even minute concentrations
of Eu in the concrete is revealed after many years of exposure to
neutrons.

The presence of the caesium isotopes 3’Cs and **Cs was also
detected in barite concrete. The first radionuclide comes from
neutron capture on trace amounts of '*°Ba and '*’Ba via the
136Ba(n,y)'*"™Ba and '*’Ba(n,p)!*”Cs reactions (one should remem-
ber that the 662 keV gamma of *’Cs actually comes from '>7™Ba),
respectively, whereas '>#Cs is produced via the '>#Ba(n,p)'34Cs
reaction and the '33Cs(n,y)'%Cs reaction on trace amounts of
13483 and 133Cs, respectively. 1*’Cs was detected in a larger number
of samples (29 samples) compared to 34Cs (8 samples). This gap can
be explained by the large difference in their half-lives: ty,,
(137Cs)=30.1 yr compared to t» ('**Cs)=2.06 yr.

It should be noted that although concrete is typically composed
of 1.7% sodium, only a small amount of 2>Na was detected, because
of its comparatively short half-life (t;,=2.6 yr). It is possible that
this radionuclide is produced in 2*Na(n,2n)??Na reactions, but it
may also come from the 27Al(n,2p4n)*?Na spallation reaction, a
reaction frequently used in activation detectors.

Figs. 6-8 show the activity depth profiles of the main radio-
nuclides observed in barite concrete collected from the east, south
and north walls, respectively. The most activated core was the A-
05 sample, extracted from the north wall, near the proton transfer
line (Fig. 2). The results of the gamma spectrometry for this
sample indicates that the specific activity of long-lived radio-
nuclides such as '**Ba, *’Cs and ®°Co peaks at a depth of about
35 cm and decrease to a lower level over a depth of 45 cm. The
maximum activity is 116 Bq/g for '>*Ba. This means that fast
neutrons from the beam loss point are slowed down inside the
concrete and the thermal neutron component increases up to a
depth of about 35 cm. The europium radioisotopes show a more
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Fig. 6. Depth profile of the residual radioactivity in the east wall made of barite
concrete (see Fig. 2).
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Fig. 7. Depth profile of the residual radioactivity in the south wall made of barite
concrete (see Fig. 2).

complicated depth profile: a peak at a depth of 10 cm to 20 cm
followed by a decrease, then the activity seems to increase again
to a maximum value at 45 cm. This behaviour is not easy to
explain. Sample A-05 was the only core where **Cs and *?Na
were detected at each depth in the wall. >*Cs has a maximum
value at the surface and then it seems to stay constant. However,
the uncertainty is very large, because of its MDA (minimum
detectable activity). The radioactivity of *?Na induced by fast
neutrons is the highest at the concrete surface and slowly
decreases deep into the wall.

In the remaining barite concrete samples only radionuclides
induced by thermal neutron capture reactions, which decrease
exponentially with depth, were detected. The attenuation curves
of 152Eu and '3’Cs are similar.

Sample A-03 in Fig. 7 shows a clear peak of °Co at 30 cm depth,
which is due to a steel bar in the concrete. In fact, because concrete
is reinforced with steel bars, some pieces of steel were extracted
during the concrete core drilling. In one of the samples 44Ti/**Sc,
which is normally found in metallic samples, was detected.

Summarizing, of the 44 concrete samples analyzed, only 24
have at least one radionuclide with a specific activity higher than
1 Bq/g and all of these are made of barite concrete.
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Fig. 8. Depth profile of the residual radioactivity in the north wall made of barite
concrete (see Fig. 2).

7. FLUKA and JEREMY calculations

The residual nuclei produced in the shielding walls and their
activities were calculated with the Monte Carlo code FLUKA [3,4]
and the analytical code JEREMY [5]. FLUKA is a multiparticle
transport and interaction Monte Carlo code, covering an extended
range of energies (from thermal to cosmic ray energies), particles
(hadrons, heavy ions and leptons) and materials. FLUKA is one of
the best validated Monte Carlo codes and it is extensively
employed for a wide range of applications, among which the
prediction of induced radioactivity in accelerator environments
[14-17].

JEREMY is an analytical code which computes the radionuclide
inventory of objects exposed to the radiation fields in particle
accelerators. The approach chosen for the computation of the
induced radioactivity is based on two steps. First, the particle
spectra of the radiation environment must be known, either
experimentally or calculated (by FLUKA in the present case, as
explained below). Given the fluence spectra as input, the radio-
activity build-up and decay are calculated by JEREMY for each
isotope of interest. The fluence spectra of the particles in the
hadronic cascades are folded offline with isotope production

cross-sections. The code is written in the Python language and
automatically provides a scripting interface that facilitates in-
depth data analysis, since all computed quantities are accessible
to the user. It is a hands-on code, providing a very fast approach
and it is much more user-friendly and faster to use than a Monte
Carlo simulation tool. For these reasons in this work JEREMY was
used in addition to FLUKA, even if it could be expected that the
results had less agreement with the experimental data than
FLUKA as it will be shown below.

The calculations were performed at the approximate locations
where core samples were taken from the shielding walls, in order
to allow a direct comparison of experimental data and predic-
tions. The concentration of the various radionuclides in the core
samples was calculated on the basis of a simplified description of
the experimental hall. In fact, even if a detailed description of the
cyclotron bunker and equipment as it was over the 33 years of
operation is not feasible, we will demonstrate that the geometry
adopted is good enough to predict with sufficient accuracy the
long-lived isotopes in the SC walls (on the proton extraction side).
The whole SC hall (16 x 17 x 7 m?) was modelled together with
the 5.5 m thick North, South and East walls made of barite
concrete and the 4 m thick West wall made of ordinary concrete.
Most of the induced radioactivity in the SC walls was due to the
stray neutron radiation generated by the beam losses in the SC
extraction system. The low extraction efficiency (see below)
depended mainly on beam scattering on the iron septum of the
extraction channel, on the losses at the external target, at the exit
of the bending magnets and at the entrance of the proton channel
wall [18-20]. In order to simulate the overall beam losses that
occurred in the extraction system, a 600 MeV proton beam
impinging on a 60 x 100 x 100 cm? steel target was used for the
FLUKA simulations. The origin of the coordinate frame of the
FLUKA geometry was chosen to be in the centre of the SC hall, the
z-axis coinciding with the beam axis and the y-axis pointing up,
whereas the steel target was placed around the proton extraction

Steel target

Fig. 9. Three-dimensional view of the SC geometry used in the FLUKA simulations.
The picture was obtained using SimpleGeo [31].

Table 5
Typical composition of the barite concrete (density 3.2 g/cm?) used for the FLUKA
calculations, in mass fractions (adapted from Ref. [21,22]).

Composition Ba O Ca Fe' S Si H Al Na Mg Cs Co Eu

(wt%) 45 40 5 5 251 07 05 03 02 5E-4 1E-4 5E-5
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channel, at 5 m distance from the North wall and 3 m from the
East wall. Furthermore, a 150 x 40 x 100 cm? wall made of ordin-
ary concrete was placed between the target and the East wall to
simulate the brick wall shielding the East side. Fig. 9 shows the
FLUKA geometry used in the simulations.

The elemental composition of the barite concrete used in the
simulations is given in Table 5. Since it was not possible to
perform a chemical analysis of the actual concrete of the SC walls,
the composition of a typical barite concrete was used for the
FLUKA simulations [21,22]. The full hadronic cascade was simu-
lated in the target and in the concrete, including particles back-
scattered from the walls. The electromagnetic component of the
radiation field was disregarded, as its contribution to induced
radioactivity is minor as compared to that caused by the hadronic
component. Neutrons were transported down to thermal ener-
gies; for all other hadrons a threshold of 1 keV was used. Residual
nuclei production was treated using the new evaporation model
of FLUKA and taking into account heavy fragment evaporation
and coalescence mechanism.

Historical beam profile measurements showed that the full
width at half-maximum of the approximately Gaussian beam
shape was ~1 cm after the Improvement Programme [18,23]. This
shape, together with the energy spread in the extracted proton
beam (~1 MeV), was taken into account in the calculations.

The induced radioactivity depends on the irradiation profile,
which includes periods of operation at various beam intensities
alternating with shutdown periods. Although the actual SC
irradiation profile during its 33 years of operation is clearly
impossible to obtain, a careful historical investigation of the SC
operation allowed a simplified but realistic irradiation profile to
be derived. From the CERN Annual Reports [24] it was possible to
reliably reconstruct the total beam working time. During the first
operational period (1957-1973) the SC (called SC1) was operated
for a total of 8.7E+4 h (~10yr). This period was followed (from
June 1973 to the end of 1974) by an 18 month shut-down due
to the Improvement Programme. In the second part of its life
(1974-1990) the upgraded SC (SC2) was operated for a total of
7E+4h (~8yr).

The SC performance data were retrieved from the many status
reports [25-30]. Above all, Allardyce et al. [28] declared a very
low extraction efficiency ranging between 5-7% for the SC1 and
one order of magnitude higher (50-70%) for the SC2 after the
Improvement Programme. Since the SC1 internal beam current
was about 1 pA (~6.24E+12 protons per second) and 1.5 pA
(~9.36E+12 protons per second) for the SC2 (this is an average
value versus a nominal value of 10 pA), we calculated a beam loss
of 5.8E+ 12 protons per second for the SC1 operational period and
3.12E+12 protons per second for the SC2. As from 1978 the SC
was used to accelerate heavy ion as well. Since the ion intensity
was lower than that of protons by up to a factor of 5 [30] and ions
were accelerated just for a few years, only the proton beam
irradiation profile was considered in the FLUKA simulations.

Table 6
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For each concrete region two types of scoring were used. In one
case, the production of residual nuclei and their radioactive decay
were performed by FLUKA in the same run. The RESNUCLEi card
scored the residual nuclei produced in inelastic interactions, while
the radioactive decay was calculated using the RADDECAY, DCY-
SCORE, DCYTIMES and IRRPROFIle cards, taking into account the
decay chains and build-up of isotopes, and the irradiation profile.
The output data files were then post-processed to obtain the specific
activity, since the mass of the scored region had to be obtained from
its volume and the density of the barite concrete. The USRSUW
routine of the FLUKA package was used to read results in binary
form and to compute standard deviations over several runs.

In the second case, FLUKA calculated only the particle spectral
fluences that were used as input data into JEREMY. The differ-
ential distributions of the energy fluence of protons, pions,
neutrons and low-energy (E <20 MeV) neutrons were scored
separately for all concrete samples and the results were written
into output files (JEREMY input files). The USTSUW routine was
used to read the USRTRACK results in binary form from several
runs and to compute statistical uncertainties. Both codes include
in the calculations the radioactive decay of all radionuclides
during the activation period.

8. Results and discussion

This calculated and measured specific activities were com-
pared for each concrete core. The experimental results, the
simulation results and their ratios are summarized in Table 6
(for sample A-04), Table 7 (sample A-05), Table 8 (sample A-06)
and in Figs. 10 and 11. The quoted errors include statistical and
systematic uncertainties of the gamma spectrometry measure-
ments as well as statistical uncertainties in the FLUKA and
JEREMY simulations. It can be observed that, even if the uncer-
tainties in the FLUKA input values (irradiation conditions, geo-
metry, concrete elemental composition, etc.) are quite large, the
agreement between calculated and measured activities is rather
good, in most cases within a factor of 2.

A rather remarkable agreement is found between the mea-
sured and calculated values of residual radioactivity for the A-04
and A-06 samples throughout their thickness (50 cm). At their
location in the vault, the particle spectrum is dominated by a
thermal neutron component and the residual activity decreases
exponentially with depth in the shield.

A different picture is observed for the activity depth profile in
the A-05 concrete core. The residual radioactivity in the core
surface is particularly well reproduced by the codes, but a striking
difference is noted as from a depth of 25 cm in the wall (Fig. 12
for Ba-133). Here a fast neutron component coming from beam
losses not only in the cyclotron extraction channel but also in the
bending magnet and in the beam pipes traversing the wall in
the A-05 sample area, are slowed down inside the concrete,

Comparison of calculated and measured specific activity in the A-04 sample from 0 cm to 10 cm depth.

Isotope t1)2 (years) FLUKA (Bq/g) JEREMY (Bq/g) Experiment (Bq/g) FLUKA/Exp. JEREMY/Exp.
Na-22 26 0.0010 + 3E-4 0.003 +0.001 <0.004* - -
Co-60 5.27 0.017 + 0.004 0.030 + 0.004 0.009 + 0.002 1.9+0.6 35+1.0
Ba-133 105 5.5+0.2 5.8 +0.4 3.0+04 1.8+03 1.9+03
Cs-134 2.06 0.004 +0.001 0.002 + 0.001 <0.006° - -
Cs-137 30.1 0.46 + 0.05 0.010 + 0.002 0.34+0.05 1.4+03 0.03 +0.01
Eu-152 13.5 0.90 + 0.05 23402 0.63 +0.06 1.4+02 3.6+0.5
Eu-154 8.59 0.04 +0.01 0.08 +0.01 0.04 +0.01 1.0+03 1.9+04

2 Minimum detectable activity (MDA).
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As in Table 6, for the A-05 sample from 0 cm to 5 cm depth.

Isotope t1/2 (years) FLUKA (Bq/g) JEREMY (Bq/g) Experiment (Bq/g) FLUKA/Exp. JEREMY/Exp.
Na-22 2.6 0.03 +0.01 0.04 +0.01 0.06 +0.02 0.5+0.2 0.7+03
Co-60 5.27 0.09 + 0.01 0.11 £ 0.01 0.09 +0.01 1.0+0.2 1.2+0.2
Ba-133 10.5 37+2 30+2 33+4 1.1+01 0.9+0.1
Cs-134 2.06 0.04 + 0.01 0.010 + 0.005 0.04 +0.01 1.0+03 0.3+0.2
Cs-137 30.1 6.4+0.5 0.07 +0.02 8.6+1.2 0.7 +£0.1 0.010 + 0.005
Eu-152 13.5 3.0+02 7.7 +0.6 19+0.2 1.5+0.2 3.8+06
Eu-154 8.59 0.19 +0.03 0.30 +0.03 0.10+0.02 1.9+0.6 3.0+09
Table 8
As in Table 6, for the A-06 sample from 0 cm to 5 cm depth.
Isotope t1/2 (years) FLUKA (Bq/g) JEREMY (Bq/g) Experiment (Bq/g) FLUKA/Exp. JEREMY/Exp.
Na-22 2.6 0.002 +0.001 0.002 + 0.001 0.003 + 0.002 0.7+0.5 0.7 +£0.5
Co-60 5.27 0.009 + 0.004 0.020 + 0.005 0.012 + 0.002 0.8+0.3 1.8+04
Ba-133 10.5 4.7+0.2 45+0.3 43+0.5 1.1+0.1 1.0+0.1
Cs-134 2.06 0.003 +0.001 0.002 + 0.001 <0.003% - -
Cs-137 30.1 0.5+0.1 0.010 + 0.002 0.7 +0.1 0.7+0.2 0.010 + 0.005
Eu-152 13.5 0.7 +0.1 1.6+0.2 0.7 +0.1 1.0+0.2 23+04
Eu-154 8.59 0.05+0.01 0.06 +0.01 0.04 +0.01 1.2+04 1.5+04
2 Minimum detectable activity (MDA).
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increasing the thermal neutron component up to a depth of about
35 cm. These particular beam loss conditions were not taken into
account in detail in the FLUKA calculations, which can explain the
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Fig. 13. Energy spectra of neutron, protons and charged pions in the A-05 sample
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discrepancies observed between measured and calculated values
in the A-05 sample as from a depth of 25 cm.

To better understand the above, Figs. 13-15 show some
representative particle spectral fluences simulated by FLUKA.
Fig. 13 shows, for the A-05 sample at a depth of 5 cm, that the
neutron component largely dominates over the other particles.
The same is valid for all other locations and depths in the shield,
confirming that the induced radioactivity is essentially due to
neutrons. The neutron spectra at a depth of 5 cm and 50 cm in the
AO05 sample are shown in Fig. 14. One notices that the importance
of the thermal component over the fast neutron component in the
simulated spectrum remarkably increases with increasing depth.
The same behaviour is observed for the A06 sample, also located
in the forward direction but at an emission angle of approxi-
mately 60 degrees. As for the AO4 sample, located in the trans-
verse direction, Fig. 15 shows that the shape of the neutron

spectral fluence does not change substantially from the sample
surface to 50 cm depth.

The residual radioactivity of Ba-133 is well described by the
codes as shown in Fig. 12 and Fig. 16. This radionuclide was
measured with high accuracy since it was the most active one and
except for the A-05 sample, measured and calculated values are
within a factor of 2 for both codes. The caesium radionuclides are
generally well reproduced by FLUKA, whereas JEREMY under-
estimates '>*Cs and shows very little reliability in the calculation
of the residual activity of '’Cs, underestimating it by up to a
factor of 100. This could be due to problems with the processing
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Fig. 16. Depth profile of the measured and calculated activity of Ba-133 in the East
wall (A-04 core sample).

of the JEREMY cross-section database [32,33], which is currently
under revision. The predicted values of '>?Eu and '>*Eu match the
measured ones within a factor of 2 for FLUKA and within a factor
of 4 for JEREMY. Larger discrepancies can be observed for deeper
samples (from a depth of 30 cm). A possible reason is the variable
thickness of the samples measured by gamma spectrometry, as
for practical reasons the 50-cm long concrete cores could not be
sliced in pieces of equal thickness. The FLUKA calculations were
performed assuming that all samples had the same dimensions
(10 cm thick), whereas the actual samples have an average
thickness varying from 5cm to 15 cm. The larger discrepancies
between experimental and Monte Carlo data observed for the
deeper samples is just because the actual samples deviate more
and more from the corresponding "MC samples” with increasing
depth. The remaining isotopes, °°Co and ?>Na, are well described by
the calculations, in spite of the very low residual radioactivity left
after 20 years of cooling. Uncertainties in the elemental composition
are expected to be the main reason for the discrepancies.

9. Conclusions

In order to establish the present radiological status of the old
CERN synchro-cyclotron 20 years after shutdown, gamma spectro-
metry measurements were performed on 113 samples collected
inside the three levels of the accelerator vault, on the cyclotron
itself and on concrete cores taken from various parts of the
building walls, up to a depth of 50 cm in the shield. About 40%
of all samples contain traces of neutron-induced radionuclides,
mainly %°Co (in metals), **Ba, '37Cs, 1°2Eu and '>“Eu (in concrete).
Values of specific activities vary in the range 5 mBq/g to 781 Bq/g.
The maximum activity induced in concrete by spallation reactions
was observed at a depth of 40 cm in the wall near the cyclotron
extraction channels. The measurements were supplemented by in-
situ gamma spectrometry measurements with the ISOCS detector.
A complete dose rate survey was also performed yielding isodose
maps of the three levels of the building.

The activation products and the residual radioactivity in the
barite walls of the SC vault were calculated with the FLUKA and
JEREMY codes. The results of the simulations were compared with
the gamma spectrometry measurements. In most cases the differ-
ence between measured and calculated value is within a factor of
2 for both codes, a rather remarkable agreement. This study
demonstrates that both FLUKA and JEREMY can be successfully

used to simulate the isotope production and the residual radio-
activity with only a very approximate knowledge of the irradiation
profile and after a very long cooling time.

The complete set of experimental and computational data
complementing the results discussed in this paper is provided
in Refs. [34-36].
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Abstract

The well-known foil activation technique was used to calibrate an ionization chamber employed for the on-line
beam monitoring of a 120 GeV/c mixed proton/pion beam at CERN. Two monitoring reactions were employed:
the standard *’Al(p,3pn)**Na and the alternative "™Cu(p,x)**Na. The parameters on which the technique critically
depends and the adopted solutions are thoroughly analysed: the cross section, the contribution of the competing
reactions to the induced activity and the recoil nuclei effect. The experimental results are compared with
FLUKA Monte Carlo simulations and with past results obtained with various calibration techniques. The
comparison confirms that both reactions can be effectively employed. The ™'Cu(p,x)**Na reaction shows
advantages because its cross section is known at very high energies with a low uncertainty and the production of
*Na is not affected by competing neutron-induced reactions. The contribution of the competing reactions in the
case of the ’Al(p,3pn)**Na reaction has been estimated to be 4.3% / 100 mg/cm’, whereas the effect of recoil
nuclei is negligible.



1. INTRODUCTION

The intensity of high energy proton beams is monitored via measurements of the beam current, which has to
be determined in an absolute manner [1]. Different devices can be employed: beam current transformers (BCTs)
[2], Faraday cups (FCs) [3] or particle detectors such as scintillators [4], ionization chambers (ICs) [5] and
secondary electron emission monitors (SEEMs) [6]. BCTs measure the magnetic field induced by the passage of
the particles, FCs measure the beam electrical charge, while particle detectors measure the energy lost by
particles in matter. Each technique shows some limitations: BCTs works at high beam currents; FCs are
destructive and can be used only for low currents; scintillators are not radiation hard and show saturation effects
above a certain threshold; ICs usually produce very low outputs; SEEMs can only be used for high intensities
and show some drawbacks, such as the surface effect [7].

In the secondary beam areas (SBAs) of CERN Super Proton Synchrotron (SPS) the beam monitoring is
commonly carried out via ICs. The high energy beams are characterized by a current varying between a few fA
and tens of pA. These currents are too low to allow using BCTs and SEEMs, whereas scintillators are used only
in the lower part of the intensity range to avoid saturation issues, and FCs cannot be used for on-line monitoring.
Therefore ICs remain one of the best solutions, coupled with a special electronics designed to deal with the very
low currents produced during the beam spill. A specificity of the CERN SBAs is that the beams are usually
mixed particles (e.g. protons, pions and kaons for positive polarity). The relative percentages depend on the
beam energy [8].

This paper discusses the foil activation technique for the calibration of ICs employed for monitoring high
energy hadron beams. The focus is on the specific conditions of mixed high energy beams, but the conclusions
are obviously valid for a beam composed of a single particle type. First, the activation of hyperpure aluminium
foils via the well-known *’Al(p,3pn)**Na reaction is discussed, focusing the attention on the different parameters
on which the activation process critically depends. Then the alternative "'Cu(p,x)**Na reaction is investigated,
highlighting the features that makes it an ideal reaction for beam monitoring and its main advantages if
compared to the *’Al(p,3pn)**Na. Finally the experimental results are compared with FLUKA [9,10] Monte
Carlo simulations and with past results obtained via other calibration techniques.

II. THE ACTIVATION FOIL TECHNIQUE

Foil activation is a well-established technique for measuring the intensity of high energy proton beams. It is
particularly convenient for the calibration of ICs used for on-line beam monitoring. One of its advantages is the
accuracy that can be achieved if the cross section of the reaction of interest is known with a small uncertainty.
When the protons traverse the foil they generate spallation reactions A(p,x)B, where A is the stable isotope of
which the foil is constituted, B is the radioisotope produced in the foil by the spallation reaction, whose activity
is determined via y-spectrometry, x is the reaction product escaping the foil. An ideal monitor reaction should
show the following properties:

e  Cross section known with good accuracy.

e Half-life of the radioisotope produced in the foil longer than the irradiation time, but not too long in order to
obtain a detectable activity.

e  v-line(s) of the radioisotope produced in the foil easily detectable and distinguishable by y-spectrometry.

e Negligible contribution to the production of the radionuclide of interest by secondary particles formed by
interaction of the proton beam in the target (neutrons and energetic secondary hadrons).

Unfortunately none of the commonly used reactions satisfy all of these requirements and one has to find a
compromise. The bases of the activation theory are given in paragraph II.A and the two monitor reactions
employed in this study are discussed in paragraphs II.B and II.C. The discussion will refer for simplicity to a
proton beam, but the evaluations are valid for a generic hadron beam.

A. Theory

If A(t) (Bq) is the activity induced in the foil, tirr and twarr (s) are the irradiation time and waiting time (i.e.
the time elapsed from the end of the irradiation until the foil is counted), N, is the foil surface atomic density



(em™), 6 is the production cross section of the selected radioisotope (cm?), the particle flux ¢’ (number of
particles per second traversing the foil) can be obtained as (see Appendix):

At
Ny~ o (1-e~*tIRR) - e~ Atwarr’ 1

¢ =

A(t) is measured by y-spectrometry, while twair and tirg must be recorded. In the present experiment tyar was
recorded manually while tigg Was obtained from the log-file of the acquisition system.

B. The ’Al(p,3pn)**Na reaction

The “’Al(p,3pn)**Na reaction is one of the most extensively used beam monitor reactions. Its main
advantages are:

e The short half-life of **Na (14.9590 h) results in a high specific activity so a relatively short irradiation time
is adequate to obtain a reasonable activity to be determined by y-spectrometry.

e *Nadecays by p~ emission producing two y-rays of energies 2.754 MeV and 1.369 MeV (branching ratios:
99.94% and 100%, respectively), whose peaks can be easily identified by y-spectrometry.

e The “Al(p,3pn)**Na cross section is known with good accuracy in a wide energy range. Fig. 1 plots the
available cross section data for energies higher than 0.5 GeV. The 300 GeV value comes from indirect
measurements [11].

e Hyperpure *’Al foils are readily available.
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FIG. 1. Cross section data available in the literature for the 2’Al(p,3pn)**Na and the "Cu(p,x)**Na reactions for
energies higher than 0.5 GeV [12].

To obtain an accurate determination of the particle flux, as derived from expression (1), one must take into
account several parameters on which the reaction critically depends:

e The cross section value at the energy of interest.

e The importance of the competing 2’ Al(n,0)**Na reaction, as well as of the reactions induced by energetic
secondary hadrons produced in the foils, in the determination of the total induced activity.

e The recoil of some of the nuclei produced in the spallation process that can leave the foil in the same
direction of the primary beam (see Fig. 2).

A first problem arises in the determination of the cross section to be employed in case of a mixed
proton/pion beam. Whilst for the proton-induced spallation reaction the cross section data are available, for
pion-induced reactions there are no published data. The value of the pion-induced cross section can be indirectly
determined using the FLUKA code. Even if FLUKA cannot be used to derive the absolute value of the cross
sections at very high energies with the required accuracy, it is much more reliable in the determination of the
ratio of the cross sections of reactions induced by different particles at the same energy on the same target. One
can therefore calculate the ratio between the cross section of pion- and proton-induced reactions and then derive



the absolute value of the pion-induced one. The cross section ratio can be obtained by running the nuclear
interaction models of FLUKA in interaction only mode, accounting for both absorption and quasi-elastic
reactions. The output file provides the cross section for each isotope produced in the interaction between the
primaries and the target. By running two simulations (for protons and for pions) one obtains the ratio between
the pion- and the proton-induced cross sections for the reaction of interest. Since the value of the proton-induced
spallation cross section of interest is known from the literature, one can derive the pion-induced cross section
and thus obtain the effective cross section for the mixed beam.

The importance of the reactions induced by neutrons and energetic secondary hadrons in the production of
*Na is discussed in Sec. IV.A.1. This effect has been evaluated a posteriori by analysing the induced activities
of all the exposed foils.

The foils were irradiated in sandwiches of three to take into account the recoil of some of the nuclei
produced in the spallation process that can leave the foil in the same direction of the primary beam (due to the
so-called Lorentz boost [13]). In order to maintain the equilibrium between the loss of recoil nuclei knocked out
of the foil and the gain of nuclei knocked into the foil from upstream material, only the central one must be
considered for data analysis, whereas the upstream and the downstream ones act as catchers. These catchers,
having the same thickness of the central foil, are thick enough to capture all the knocked on or knocked back
products. The importance of this effect is quantified in Sec. IV.A.2.

C. The "Cu(p,x)**Na reaction

The "Cu(p,x)**Na reaction is a promising alternative reaction for beam monitoring, as it shows two
advantages when compared to 2’Al(p,3pn)*Na:

e The cross section, even if it is lower than that of ’Al(p,3pn)**Na, is known with better accuracy at high
energies. Fig. 1 plots the available cross section data for energies higher than 0.5 GeV. At very high
energies (30, 150, 400 and 800 GeV) Baker et al. [14] found an energy-independent cross section value of
3.59 +0.14 mb.

e *Na is produced only in deep spallation reactions induced by high energy hadrons, while the secondary
neutrons produce mostly isotopes close to the original target mass.

The following two parameters play an important role in the determination of the particle flux:

e The value of the reaction cross section at the energy of interest.
e The recoiling nuclei as discussed above.

In case of mixed proton/pion beams the same procedure described in Sec. 2.B. can be followed to obtain the
effective beam cross section. Values of proton-induced reaction cross sections are widely available in the
literature. As for the >’ Al foils, the "Cu foils were exposed in sandwiches to compensate for the recoil effect.

III. EXPERIMENT

A. Experimental set-up

The foil activation technique was employed to calibrate the IC used for beam monitoring at the CERN-EU
high-energy Reference Field (CERF) facility [15] at CERN. The CERF facility is installed in one of the
secondary beam lines (H6) from the SPS in the North Experimental Area. A positive hadron beam (61% pions,
35% protons and 4% kaons [8]) with momentum of 120 GeV/c is stopped in a copper target. The beam is
delivered to the facility with a typical intensity in the range 10° to 10° particles per SPS spill. The beam
extraction time is presently about 10 s over an SPS cycle of about 45 s (in the past it was 2.5 s over a 15 s
cycle).

The beam monitoring is provided by an air-filled, parallel-plate, transmission type IC placed in the beam a
few meters upstream of the target. The IC has a diameter of 185 mm and consists of five parallel electrode plates
made of Mylar with 17 mm inter-plate spacing. The central plate is the collector and the ones on either side are
the polarity electrodes. The polarization voltage on these plates is supplied by an external battery. The beam
traverses 34 mm of air at atmospheric pressure in the sensitive part of the chamber. The output signal is fed into



a charge digitizer and then to a National Instrument USB 6342 DAQ connected to a desktop computer (PC). The
data are saved on a log-file that records the differential and integrated IC readings (expressed in counts) every
second.

Hyper-pure *’Al and "Cu foils from Goodfellow [16] were used: 99.999% 2’Al (impurities: Mg 1.2 ppm, Si
0.8 ppm, Cu 0.3 ppm, Fe 0.3 ppm) and 99.99% "Cu (impurities: Ag 70 ppm, Fe 2 ppm, Ni 2 ppm, Pb 2 ppm, Si
2 ppm, Al 1ppm, Bi 1 ppm, Ca 1 ppm, Mg 1 ppm, Sn 1 ppm, Mn <1 ppm, Na <1 ppm, Cr <I ppm,), with
dimensions 50 x 50 mm®. The foils thicknesses were 2 mm (540 mg/cm?), 1 mm (270 mg/cm?) and 0.5 mm
(135 mg/cm?) for Al; 0.5 mm (446 mg/cm?), 0.25 mm (223 mg/cm?) and 0.125 mm (111.5 mg/cm?) for Cu, with
1% estimated uncertainty. The foils were fixed on a Plexiglas frame mounted on both ends of a hollow
aluminium tube of the same dimensions of the target normally employed at CERF (Fig. 2), placed downstream
of the IC. The beam size was smaller than the foil dimensions so that all particles traversing the IC hit the foils.
To evaluate the contribution of scattered radiation to the foil activation, in one of the experiments an additional
foil was exposed out of beam.

lonization
Foil chamber

sandwich ‘ ‘
_1 ﬂ Vacuum chamber

S — <> \
=J 100 cm 85 cm
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FIG. 2. Foil activation experiment set-up (not to scale).

B. Results

The results of the measurements are given in Table I. Where available, the activity of the upstream and
downstream foils is given. The value used in expression (1) was the activity of the central foil, except for
measurement 1 where, due to the high uncertainties, an average of the central and downstream foil activities was
employed. Due to problems in the peak identification during the y-spectrometry of the "*Cu 0.250 mm foil, the
data of this measurement could not be exploited. The foil exposed out of beam did not show any significant
induced activity, confirming that the contribution of the scattered radiation (background) to the overall activity
is negligible.

Table I. Results of the foil activation experiment (uncertainties quoted at 1 o).

Al foils
Measurement 1 2 3 4
Thickness [mm] 2.0 2.0 1.0 0.5
Irradiation time [s] 31200 31371 58223 31371
Integrated fluence [IC counts] 2:10° 2.3-10° 3.8:10° 2.3:10°
Upstream foil activity [Bq] 45.8+£2.2 n.a. 345+£1.9 n.a.
Central foil activity [Bq] 527+54 | 56.8+£23 | 371+19 | 123+£0.6
Downstream foil activity [Bq] | 47.1 £ 1.6 n.a. n.a. n.a.
Cu foils
Measurement 5 6 7
Thickness [mm] 0.500 0.250 0.125
Irradiation time [s] 54831 54831 54831
Integrated fluence [IC counts] 3.3-10° 3.3-10° 3.3-10°
Central foil activity [Bq] 8.4+0.6 n.a. 23403

n.a. = not available



To obtain the IC calibration factor one needs to know the parameters in expression (1). To improve the
accuracy of the calculation, the irradiation time was subdivided in one-second irradiation periods and the total
activity was obtained as the sum of the partial activities induced by each one-second irradiation, by taking into
account the decay of **Na occurring from the end of each one-second irradiation until the arrival in the
spectrometry laboratory. Therefore the beam-on/beam-off periods (i.e. spill time over the total SPS cycle) were
exactly taken into account and fluctuations in the beam intensity during the spill were also properly considered.
The values of tirr, twarr and ¢° were then derived from the IC acquisition log-files. The surface atomic densities
Ny are given in Table Il for each foil. The beam effective cross section was calculated as follows. For the
7 Al(p,3pn)**Na reaction the proton-induced cross section at 120 GeV/c was assumed equal to the one calculated
by Cumming [17] at 28 GeV/c, i.e. 8.3+ 0.5 mb. The pion/proton cross section ratio was obtained by the
FLUKA interaction models as described in Sec. 2.B, which gave 0.764 + 0.011. The pion-induced cross section
is then 6.3 + 0.4 mb. By neglecting the kaon component, which has very limited importance, the beam effective
cross section (63.5% pions and 36.5% protons, the kaon fraction was re-distributed on the other two components
according to their respective weight) is 7.1 + 0.4 mb. For the "Cu(p,x)**Na reaction the proton-induced cross
section at 120 GeV/c was assumed equal to the one calculated by Baker et al. [14] at 30, 150, 400 and 800 GeV,
i.e. 3.59 £ 0.14 mb. The pion/proton cross section was found to be equal to 0.726 + 0.016. The pion-induced
cross section is then 2.61 + 0.12 mb and the beam effective cross section is 2.93 £+ 0.13 mb.

Table II. Foil surface atomic densities.

Al foils (py = 2.71 g/em’, My, = 27 g/mol)

Foil thickness X4, 0.5 mm 1.0 mm 2.0 mm
N, 3.0222:10”" cm? 6.0445-10”' cm? 1.2089-10% cm?’
Cu foils (pc, = 8.92 g/em’, M, = 63.546 g/mol)
Foil thickness X¢, 0.125 mm 0.500 mm
N, 1.0567-10”" cm? 4.2266-10°" cm’

From expression (1) one can derive the value of the raw calibration factors (before correction) for each
experiment (see Table III), where the uncertainties derive from the uncertainties on the activity, on the foil
thickness (1%) and on the cross section (5.6% and 4.4% for >’ Al(p,3pn)**Na and "*Cu(p,x)**Na, respectively)).
The uncertainty on the beam composition is not taken into account since it is reported as below 2% [8].

Table I1I. Raw calibration factors (before correction) as calculated from expression (1).

Raw calibration factor
Measurement Foil thickness (before correction)
[particles/count]

1 2.0 mm (Al) 27736 + 1682
2 2.0 mm (Al) 27014 + 1894
3 1.0 mm (Al) 25040 + 1923
4 0.5 mm (Al) 23399 + 1759
5 0.500 mm (Cu) 21707 £ 1762
6 0.250 mm (Cu) -

7 0.125 mm (Cu) 23587 + 2620

The calibration factors from the aluminium activation need to be corrected for the contribution of the
competing reactions to the overall activity. To exclude this contribution, which is proportional to the thickness
of the foil, one has to extrapolate the calibration factor to zero thickness. Fig. 3 plots the calibration factors
calculated from the different measurements with the corresponding linear fit. The extrapolated value is
22249 + 2100 particles/count, where the uncertainty is calculated via the reduced chi-square method. This
correction is not needed for the values obtained from the copper activation, showing the little importance of
competing reactions induced by energetic secondary hadrons. In this case the best estimate of the calibration
factor can be obtained by the “weighted average method”. The calibration factor and its uncertainty are derived
as follows:
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where the weighting factor w; is related to the absolute uncertainty of each data:

w; = (i)z. 3)
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The best estimation for the calibration factor is 22293 + 1462 particles/count.
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FIG. 3. Calibration factors calculated via the activation of the aluminium foils and linear fit to the data.

All the results given above lay on the assumptions that:

e The Al and ™Cu atoms are homogeneously distributed in the exposed foils. This is guaranteed by the
supplier.

o The effect of the impurities present in the foils on the induced activity is negligible. This has been verified
via FLUKA simulations in which the impurities declared by the supplier have been included in the foils.
The difference in the activity by adding the impurities was insignificant.

e The self-absorption of y-rays in the activated foils is negligible. This has been verified by taking into
account the most conservative case, i.e. the attenuation of the photons emitted by **Na in 2 mm of ’Al and
0.5mm of "Cu. Since the mass attenuation coefficients are 3.54-10% cm%g and 3.59 cm?/g [18],
respectively, the maximum attenuation that the y-rays can undergo before being detected by the
spectrometer is less than 2%. In any case, this small effect is taken into account by the spectrometry
software.

IV. DISCUSSION

The values of the calibration factor as derived via the activation of the aluminium and the copper foils are
coherent within their range of uncertainties. These results can be compared with the calibration factor obtained
via direct FLUKA simulations of the IC. The calibration factor can be derived via the knowledge of the
expected charge q collected on the plates of the IC per primary particle:

e
q= Edep 'm > 4

where Eg, is the energy deposited by a primary particle in the sensitive volume of the IC, e is the electron
charge (1.609-10"° C) and War (34.23 £0.4% eV [19]) is the average energy released by the primaries to
produce a single ion pair in air. The energy deposited by 120 GeV/c protons, pions and kaons in the air volume
of the IC (p =0.963 atm, p=1.12-10" g/cm®) was assessed by FLUKA simulations. The computed deposited
energy accounts for the energy transported away by the delta rays that escape from the volume, and for the
energy lost in the sensitive volume by the particle through nuclear reactions. The geometry employed in the
simulation is shown in Fig. 2.

The results give an energy deposition value of 7.92 keV for protons, 8.15 keV for pions and 7.94 keV for
kaons (with 1% uncertainty). Taking into account the beam composition (61% pions, 35% protons, 4% kaons)
the weighted energy deposition is 8.06 keV per primary. The expected charge deposited in the IC per primary
particle is then:
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q = Egep -ﬁ =8.06-10%eV 21230V £=379-10717C. ®)
From the sensitivity factor of the IC charge digitizer (c = 8.403-10" C/count, determined experimentally) one
obtains the value of the calibration factor, i.e. the number of primaries needed to obtain one pulse from the
charge digitizer: ¢/q = 22172 + 789 particles/count. The uncertainty is given by the uncertainty on W (0.4%
systematic) and on Eg.,, whose uncertainty is the sum of two components, the one derived from FLUKA
simulations (1% statistical) and the one derived from the knowledge of the active length of the IC (3%, i.e.
1 mm over 34 mm, statistical). It should also be mentioned that there is also a systematic uncertainty on the
FLUKA results, of the order of a few percent for the part due to ionization and of about 10% for the part due to
nuclear interactions, which is not included in the uncertainties of the present result.

The calibration factor estimated via the FLUKA simulations is in excellent agreement with the value
determined experimentally (see Table IV). The present results are also in good agreement with past
experimental  results  obtained with  different calibration  techniques: activation of '°F
(23000 = 2300 particles/count [20]) and '’C foils (23400 + 1400 particles/count [21]), and coincidence of
scintillators (22116 + 92 particles/count [22]).

Table IV. IC calibration factor as obtained from the activation experiments and via FLUKA simulations.

Technique IC calibration factor
[particles/count]
Activation of 2’Al foils 22249 + 2100
Activation of "™Cu foils 22293 + 1493
FLUKA simulations 22172 +789

A. 7Al(p,3px)**Na reaction

The activation of aluminium foils proved to be a reliable technique for the determination of the intensity of
high energy hadron beams and the calibration of an IC. However, attention must be paid to the factors that could
severely affect the experimental results. The cross section value has been discussed in Sec. 2.B. This section
describes a posteriori the effects of the competing reactions and of the recoil nuclei escaping the foil, based on
the present experimental results.

1. Competing reactions

Two competing mechanisms lead to the production of **Na: the 2’ Al(n,0)**Na and the reactions induced by
energetic secondary hadrons. The *’Al(n,a)**Na reaction has a threshold of 5.5 MeV and a cross section rising to
120 mb at 14 MeV [23]. Data in the literature are contradictory about the importance of this effect. Some
authors showed it has little importance: Stehney [24] measured a contribution of less than 1% per 200 mg/cm?
foil thickness, while Cumming et al. [25] proposed a value of 0.25% per 100 mg/cm?. Other authors estimated a
bigger importance: Brandt et al. [26] reported that this effect has an influence in the order of 1.1 +0.5% per
100 mg/cm?, while Grover [27] showed a strong dependence on foil thickness, about 3.3% per 100 mg/cm?. All
these estimates refer to protons; no data are available for different particles. The contribution of the competing
reactions has here been determined by analysing the results obtained from the present experiment. It is worth
noting that this contribution may also depend on the materials present upstream and downstream of the target as
well as on the characteristics of the resulting neutron “halo”.

One can express the calibration factor as the sum of two terms: the first is due to the activity induced by the
primary particles, the second to the activity induced by the secondary particles (neutrons and high energy
hadrons), which is proportional to the foil mass thickness and to a coefficient k (expressed in percent per 100

2
mg/cm”):

Cx = Cprim+ k- Cprim - X, (6)

where C, is the calibration factor obtained for a foil of mass thickness x and Cpn is the calibration factor
extrapolated to zero thickness. The constant k here refers to the partial activity due to the primary particles,
whereas in other papers the contribution refers to the total activity. This choice was done to make expression (6)
more consistent (the numerical difference is nevertheless of little importance). One can derive the value of the



constant k from the linear fit in Fig. 3: Cpim = 22249 particles/count, k-Cpyim = 2581 particles/count/mm. By
normalizing the constant to the foil mass thickness (1 mm =271 mg/cm’, see Table II) one then obtains
k=0.116 mm™" =4.3% / 100 mg/cm?, close to the data of Grover for protons [27]. It must be noted that the
value obtained by Grover refers to the 2’ Al(n,0)**Na reaction only, whereas here the two contributions cannot be
evaluated separately.

2. Recoil nuclei effect

To take into account the recoil nuclei effect only the activity of the central foil of the sandwich was
employed in expression (1) (except for measurement 1). The loss of nuclei knocked out of the foil is in fact not
compensated in the case of the upstream one. To verify the importance of the effect, for some measurements
several analyses were carried out (see Table I). However all the activity values are compatible within 2. This
shows that the importance of this effect is very limited. This is confirmed by the FLUKA interaction models,
which give a mean energy of the recoil **Na nuclei of about 2 MeV. This corresponds to a projected range of
2 um in the Al target, i.e. only the nuclei produced in the last layer (a few microns) of the foil escape in the
beam direction. This fraction corresponds to a maximum of about 0.4% on the overall activity for the 0.5 mm
sandwich.

B. "Cu(p,x)**Na

The IC calibration performed via the activation of copper foils showed results consistent with those obtained
by the better known activation of aluminium foils. Moreover, due to the higher accuracy with which the cross
section of the "Cu(p,x)**Na reaction is known, the final uncertainty is lower. The validity of this alternative
reaction is also confirmed by the agreement with the results obtained from the FLUKA simulations. The
"tCu(p,x)**Na reaction has the advantage that there are no competing neutron-induced reactions producing **Na
and that the contribution from energetic secondary hadrons is negligible.

V. CONCLUSIONS

Both monitoring reactions employed in the present activation experiment showed to be reliable. This is
confirmed by the excellent agreement between the value of the IC calibration factor derived from the
measurements with the two materials with the value obtained from the FLUKA simulations and from past
calibrations carried out with different techniques. The "™Cu(p,x)**Na reaction shows several advantages if
compared to ’Al(p,3px)**Na: competing reactions play a little role and the final uncertainty on the result is
lower because of the higher accuracy with which the absolute cross section is known at very high energies.
However, since the cross section is lower than that of the >’ Al(p,3px)**Na reaction, a longer irradiation time is
necessary in order to decrease the statistical uncertainty of the y-spectrometry measurements. The effect of the
competing reactions on the overall activity in the case of the activation of aluminium foils has been derived for
the mixed proton/pion beam at CERF, i.e. 4.3% /100 mg/cm”. Similarly the effect of loss of recoil nuclei
knocked out of the foil showed to be of very little importance.
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APPENDIX

The production of a radionuclide of interest at a time t is expressed by the well-known formula:
n(t) = % (1 - e_)“tIRR) e~ Mtwarr , (AD)

where n(t) is the number density of the atoms of the radionuclide of interest at time t (cm™), N is the number
density of the target atoms (cm'3, where N = p-Nay/M: p is the mass density in g-cm'3, Nav is the Avogadro’s
number 6.022-:10* mol™, M is the molar mass expressed in g'mol™), o is the production cross section of the
selected radioisotope (cm®), A is its decay constant (s), ¢ is the particle flux density (cm™s™), tigr and twarr (s)
are the irradiation time and waiting time. The specific activity induced in the target at time t is given by
a(t) = An(t):

a(t) = Nop(1 — e *UrR) - e=twarr | (A2)

where a(t) is expressed in Bq-em™. If L,, L, are the transverse dimensions of the target and Ax its thickness the
absolute activity A(t) = a(t)-L;-L,-Ax in Bq is equal to:

A(t) = NAx - 0 - §Ly Ly - (1 — e HURR) - e~ Howarr, (A3)
If Ny = N-Ax is the surface atomic density (cm™), the particle flux ¢’ = ¢-L;-L, (number of particles per second
traversing the foil) is given by (expression 1 in section I11.A):

¢ = A
Ny o (1-e~*URR) - e~ Atwarr”

(A4)
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Abstract

Spallation cross sections from thin natural copper and iron targets bombarded by a mixed 120 GeV/c
proton/pion beam were measured in an activation experiment at CERN. The beam intensity was monitored by a
calibrated ionisation chamber and the activity of several spallation products was measured (14 for copper and 16
for iron) by y-spectrometry, allowing the absolute cross section of the mixed hadron beam to be derived. Monte
Carlo simulations with the FLUKA code provided the ratio between the proton- and pion-induced reaction cross
sections for a given spallation product, allowing to extrapolate the individual cross sections for the proton- and
the pion-induced reactions. Where possible the values were compared with literature data and showed to be
generally in agreement with the highest energy data available.



1. INTRODUCTION

Spallation refers to nuclear inelastic reactions that occur when subatomic particles with incident energy
higher than 100-150 MeV interact with a target nucleus. At these energies the de Broglie wavelength is short
enough to allow the particle to interact with the individual nucleons inside the nucleus. The incident particle first
undergoes a series of reactions with the nucleons, where high-energy secondary particles (such as protons,
neutrons and pions) from a few MeV up to the energy of the incident particle are created inside the nucleus
(intranuclear cascade). Some of these high-energy hadrons, together with low-energy particles in the MeV
range, leave the nucleus and may induce other spallation reactions in a different nucleus (internuclear cascade).
This process mainly occurs in thick targets. The nucleus, which is in an excited state, relaxes by emitting low
energy particles, mostly neutrons. After evaporation the final nucleus (spallation product) may be radioactive
and decay by y-emission [1]. An accurate knowledge of the spallation product inventory within a target is
important for many applications: disposal of material, operation, maintenance, safety and decay heat analysis for
neutron spallation sources [2], activation issues in high-energy particle accelerators [3] and benchmarking of
Monte Carlo codes [4]. The knowledge of the reaction cross section for a spallation product is therefore
fundamental. Spallation cross section data are widely available for energies up a few GeV [5], but for higher
energies (especially above 28 GeV) very limited data have been published. This is particularly true for pion-
induced reactions for which, to the best of our knowledge, no data are available. The aim of this paper is to
provide proton- and pion-induced spallation cross sections at 120 GeV/c for the production of 14 radioisotopes
in ™'Cu and 16 radioisotopes in "'Fe targets. These have been derived from activation experiments carried out
with a 120 GeV/c mixed proton/pion beam at the CERN-EU high-energy Reference Field (CERF) facility [6] at
CERN. These spallation reactions are of direct relevance in activation studies, since "“Cu and "Fe are
commonly employed in high-energy particle accelerators and their surrounding structures.

II. MATERIALS AND METHODS
A. Experimental set-up

The experiments were performed by exposing hyperpure "Cu and "*Fe foils to the primary beam at the
CEREF facility, which is installed in one of the secondary beam lines (H6) from the Super Proton Synchrotron
(SPS) in the North Experimental Area on the Prévessin site of CERN. The incoming hadron beam is composed
by 61% positive pions, 35% protons and 4% positive kaons [7] with momentum of 120 GeV/c. For simplicity
we assume that the particle energy is 120 GeV, even if the actual value is slightly lower. For the calculations the
kaon fraction has been re-distributed on the other two components according to their relative weight, i.e. the
beam composition has been assumed to be 63.5% positive pions and 36.5% protons. This re-distribution has a
negligible effect because of the limited importance of the kaon component, whose relative weight is well below
the final relative uncertainty on the cross section values derived from the experiment, and because the kaon-
induced spallation cross section lies in between the proton- and the pion-induced one as verified via FLUKA
[8,9] Monte Carlo simulations. The beam is delivered to CERF with a typical intensity in the range 10° to 10°
particles per SPS spill, with a beam extraction time of about 10 s over an SPS cycle of about 45 s.

The "™Cu and "Fe foils with dimensions 50 x 50 mm? were fixed on a Plexiglas frame mounted on both
ends of a hollow aluminium tube placed downstream of an ionisation chamber (IC) used as beam monitor (see
Fig. 1). The foils were irradiated in sandwiches of three to take into account the recoil of some of the nuclei
produced in the spallation process that can leave the foil in the same direction of the primary beam (due to the
so-called Lorentz boost [1]). To maintain the equilibrium between the loss of recoil nuclei knocked out of the
foil and the gain of nuclei knocked into the foil from upstream material, only the central one must be considered
for data analysis, whereas the upstream and the downstream ones act as catchers. These catchers, having the
same thickness of the central foil, are thick enough to capture all the knocked on or knocked back products. The
beam size was smaller than the foil dimensions so that all particles traversing the IC hit the foils. To evaluate the
contribution of scattered radiation to the foil activation an additional foil was exposed out of beam.
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FIG. 1. Experimental set-up (not to scale).

The foil thicknesses were 0.5 mm, 0.25 mm and 0.125 mm for "™Cu; 2 mm for ™Fe, with 1% estimated
uncertainty. The thicknesses were chosen as a compromise between the need of an induced activity high enough
to reduce the statistical uncertainty of the y-spectrometry measurements and the need of thin targets, i.e. targets
in which the energy lost by the incident beam is small (Ejoss / Epeam < 5% [1]). This reduces to a minimum the
production of secondary particles inside the target, which generally undergo further collisions and could result
in internuclear cascades. By assuming that the value of the interaction lengths for protons and pions at 120 GeV
is similar to the one at 18 GeV (i.e. 140.2 + 3.2 g/cm? for protons, 163.8 £ 9.0 g/cm® for pions [10]), the beam
fraction that interacts in the target is always less than 1%. This guarantees that, even though the average fraction
of energy of the incident beam lost in the target cannot be precisely estimated, the overall influence of the target
on the beam transmission is negligible.

B. Theory

The cross section of the reaction A(p,x)B or A(n',x)B, where A is ™Cu or ™Fe, B is the radioisotope
produced in the foil by the spallation reaction and x is the reaction product escaping the foil, was measured via
the well-established foil activation technique (see e.g. [11] and references therein quoted). If A(t) (Bq) is the
activity of the radioisotope B, A is its decay constant (s']), tirr and twarr (s) are the irradiation time and waiting
time (i.e. the time elapsed from the end of the irradiation until the foil is counted), Ny is the foil surface atomic
density (cm™), ¢’ is the particle flux (number of particles per second traversing the foil), the production cross
section ¢ of the radioisotope B can be obtained as [11]:

_ A(t)
o= Nx-¢’-(1—e_A't1RR)-e_)"tWA1T' (1)

A(t) is measured by y-spectrometry, while twar and tirg must be recorded. In the present experiment tya;r was
recorded manually while tirgr Was obtained from the log-file of the acquisition system. The cross section ¢ is the
beam effective cross section, i.e. averaged over the pion and proton components: ¢ = 0.635-6, + 0.365-c,, where
6, and o, are the proton- and pion-induced spallation cross sections. Their values can be derived if one knows
the ratio 0,/ o,. This ratio can be obtained from FLUKA simulations. Although FLUKA cannot compute the
absolute cross section value at very high energies with the required accuracy, it is reliable in determining the
cross section ratio of a reaction induced by different particles at the same energy. The ratio can be obtained by
running the nuclear interaction models of FLUKA in interaction only mode, accounting for both absorption and
quasi-elastic reactions [11]. The output file provides the cross section for each isotope produced in the
interaction between the primary and the target. By running two simulations (for protons and for pions) one
obtains the ratio 6, / o, for the reaction of interest. The cross sections for protons and pions can then be easily
derived:

o

Oy =————= and 2
T 0.635+0.365-2 @
o
_ 0-0.635'07
% = o365 ) ©)



C. Parameters

The hyperpure "'Cu and "Fe foils have the following compositions, as declared by the manufacturer [12]:
99.991% "'Cu, with impurities in ppm: Ag 70, Fe 2, Ni 2, Pb2,Si2, Al 1,Bi1,Cal,Mg1,Sn 1,Mn<1, Na
<1, Cr <1; 99.998% "“Fe, impurities in ppm: Ag 1, Al 2, Ca 3, Cr 1, Cu 2, Mg 2, Mn 1, Ni 1, Si 3. The effect
of the impurities on the radioisotope production is negligible. This has been verified via several sets of FLUKA
simulations, in which the foils were first simulated as 100% pure, and then with added impurities. The values of
the surface atomic densities N, to be used in expression (1) are obtained from the foil density, the molar mass
and the thickness (see Table I).

Table 1. Foil atomic surface densities.

Fe foils (pp. = 7.874 g/cm’, Mg, = 55.840 g/mol)

Foil thickness Xg, 2.0 mm
N, 1.6983-10% cm?
Cu foils (pc, = 8.920 g/cm3, Mc, = 63.546 g/mol)
Foil thickness X¢, 0.125 mm 0.250 mm 0.500 mm
N, 1.0567-10°" cm? 2.1133-10 cm® | 4.2266:10*' cm’

The beam monitoring was provided by an air-filled, parallel-plate, transmission type IC, calibrated with the
foil activation technique using the *’Al(p,3pn)**Na and "Cu(p,x)**Na monitor reactions [11]. The beam
intensity recorded by the IC was written every second in a log-file, from which the value of ¢’ to be used in
expression (1) was obtained. Since the beam intensity was recorded every second, the irradiation time was
subdivided in one second irradiation slots (trr = 1 s). For each of these slots a corresponding waiting time twarr
was considered. Thanks to this method any fluctuation in the beam intensity during the irradiation was properly
taken into account.

The foils were counted in the CERN y-spectrometry laboratory with a Canberra low background coaxial
high-purity germanium (HPGe) detector. For a more accurate analysis of the gamma lines, the activated foils
were counted twice: a short (10 minutes) measurement immediately after the irradiation and a longer one (about
8 hours) later. The analysis was performed using the Canberra Genie 2000 and the PROcount 2000 software,
which are comprehensive environments for data acquisition, display and analysis. They include a set of
spectrum analysis algorithms, which provide nuclide identification, interference correction, weighted mean
activity, background subtraction and efficiency correction. They also take into account geometrical effects, self-
absorption in the sample and decay of the isotope during the measurements, and provide a global uncertainty.
Only the radioisotopes with an activity higher than 1 Bq were considered for the cross section calculations.

III. RESULTS

The beam effective cross section ¢ for each of the reactions of interest was derived from expression (1) by
employing the values of Ny, ¢, A(t), twarr and trg, obtained as explained in Section II. The cross sections of the
proton- and pion-induced reactions were calculated from expressions (2) and (3). The foil exposed out of beam
did not show any significant induced activity, confirming that the contribution of the scattered radiation
(background) to the overall activity is negligible. Tables II and III list the cross sections of the spallation
reactions that generated an activity in the foils higher than 1 Bq. The global uncertainty is the quadratic sum of
the uncertainty on the y-spectrometry, the one on the IC calibration factor (10%) and the uncertainty on the foil
thickness, i.e. on the knowledge of N,. The uncertainty on the beam composition is not taken into account since
it is below 2% [7]. The production of the radioisotopes listed in Tables II and III derives only from the proton-
and pion-induced spallation reactions. For the reactions on "*Cu foils the cross section is the average of the
values obtained from the three thicknesses.

Table II. Cross sections of the spallation reactions on "'Cu derived from the activation experiment.
B Cu(p,x) " Ar 0.62+0.11 mb " Cu(n’ x)M Ar 0.43 £ 0.08 mb
" Cu(p,x)2K 2.23 £ 0.40 mb "y’ x)PK 1.69 £ 0.30 mb
2Cy(p,x) K 0.93 £0.19 mb "Cu(nt,x)PK 0.66 £ 0.14 mb




"iCu(p,x)*Sc 2.73£0.26 mb "Cu(n’ x)PSc 2.62+0.25 mb
"ICu(p,x)*Sc 3.80+0.17 mb "iCu(n’,x)*Sc 3.46+0.15 mb
"iCu(p,x)*'Sc 1.85+0.22 mb "Cu(n’ x)Y'Sc 1.42+0.17 mb
"iCu(p,x)*Cr 0.21 + 0.06 mb "iCu(n’,x)*Cr 0.21 + 0.06 mb
"iCu(p,x)*Sc 1.16 £0.21 mb "iCu(n’ x)®Sc 0.83 £0.15 mb
MCu(p,x)*Mn | 3.83£0.52 mb MCy(r',x)*Mn | 3.87+0.52mb
"iCu(p,x)>Co 0.51£0.10 mb "Cu(n,x)>Co 0.56 £ 0.11 mb
"Cu(p,x)*Mn | 2.68 £0.14 mb MCy(n',x)™Mn | 2.01£0.10 mb
"Cu(p,x)°'Ni 0.77 £ 0.14 mb "iCu(n’,x)>'Ni 0.77 £ 0.14 mb
MCy(p,x)*Co | 18.82+6.01mb | "™Cu(z',x)*Co | 18.07+5.77 mb
"Cy(p,x)*'Cu | 11.12£0.51 mb | ™Cu(x',x)*"Cu | 11.46+0.52 mb

Table III. Cross sections of the spallation reactions on "*Fe derived from the activation experiment.

"iEe(p,x)**Na 4.02 + 0.45 mb MiEe(n’,x)**Na 2.96 +0.33 mb
"Ee(p,x) ! Ar 0.84 £0.16 mb miEe(n’,x) Ar 0.53£0.10 mb
"iEe(p,x) K 428 +0.57 mb MiEe(n’,x)2K 3.18 £0.43 mb
miEe(p,x) K 1.42£0.19 mb "iEe(n’ x) K 0.92 +0.12 mb
miEe(p,x)"Sc 3.72 £ 0.63 mb MiEe(n’,x)*Sc 3.73+£0.63 mb
"iFe(p,x)**Sc 8.32+0.93 mb MiEe(n’ x)*Sc 7.87 £ 0.88 mb
miEe(p,x)**Sc 6.07 £2.36 mb MiEe(n’,x)*Sc 4.87 +1.89 mb
"'Fe(p,x)*'Sc 3.96 + 0.54 mb "iEe(n’ x)'Sc 2.93 + 0.40 mb
"iEe(p,x)*Cr 0.59 £ 0.08 mb "iEe(n’,x)*Cr 0.64 £ 0.08 mb
"iFe(p,x)*Sc 0.61 +0.13 mb "iEe(n’ x)*Sc 0.37 + 0.08 mb
"iEe(p,x)*V 16.55 +2.09 mb MiEe(n’,x)*V 16.25 +2.05 mb
"Ee(p,x)’'Cr | 29.47+11.61mb | ™Fe(n',x)’'Cr | 28.19+11.11 mb
"iEe(p,x) *Fe 0.49 £ 0.07 mb "iEe(n’,x) 2 Fe 0.54 £ 0.08 mb
"iEe(p,x)’“Mn 1031+ 1.16mb | ™Fe(n' x)*Mn 10.48 +1.18 mb
"iEe(p,x)"Mn | 44.82 +8.83 mb MiEe(n’,x)*Mn | 43.21 +8.51 mb
"iEe(p,x)"Co 0.62 + 0.08 mb "iEe(n’,x)"Co 0.51 +0.07 mb

A comparison between the cross section obtained at 120 GeV and the ones found in the literature at lower
energies is given in the Appendix, which shows the data available for proton-induced spallation reactions (for
the pion-induced reactions no data are available) at energies higher than 500 MeV.

IV. CONCLUSIONS

A comparison with literature data of the cross sections of proton- and pion-induced spallation reactions on
™Cu and ™Fe targets obtained in this experiment showed that in most cases the cross section at 120 GeV is
comparable with the values available at the highest energies, i.e. around 20-30 GeV, confirming that the cross
section is energy independent above a certain energy. This behaviour is coherent with the fact that above about a
few hundred MeV, the total elastic and non-elastic cross sections for hadron-nucleus collisions are
approximately constant [1]. This is foreseen by many physical models: the Sihver model [13], valid for
Ziarger < 26, which assumes that in a proton-nucleus interaction the cross section is energy-independent for
energies above 200 MeV; the limiting fragmentation model [14], which assumes the energy-independence of the



cross section for sufficiently high energies of the bombarding particle; the Letaw model [15], valid for Zge; > 5,
which assumes that in a proton-nucleus interaction the cross section is energy independent above 2 GeV, with a
possible small increase at very high energies (= 100 GeV); the Glauber model [16], which allows to compute
reliably the hadron-nucleus cross section on the basis of the hadron-proton one and of the nuclear density
distribution, which predicts cross sections almost constant at energies above a few GeV with a slow increase at
the highest energies. Further activation experiments are foreseen in the next future to validate the results
presented in this paper.
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APPENDIX

Figures Al and A2 plot the cross section values available in the literature [5] as a function of energy for proton-
induced spallation reactions on ™ Cu and "Fe, respectively, at energies higher than 500 MeV, together with the
values derived in this paper at 120 GeV. The cross section distributions for reactions where very few data are
available in the literature (""Cu(p,x)*' Ar, "™Fe(p,x)*' Ar, "™'Fe(p,x)*'Sc, "Fe(p,x)**Sc) are not shown.
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Figure A1l. Cross sections of the spallation reactions on ™'Cu.
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Abstract

A new 160 MeV H~ linear accelerator (LINAC4) is being installed at CERN to replace the present 50 MeV LINAC2
as proton injector of the PS Booster (PSB). During operation, the accelerator components will be activated by the
beam itself and by the secondary radiation field. Detailed Monte Carlo simulations, for various beam energies and
several decay times, were performed to predict the residual radioactivity in the main accelerator components and to
estimate the residual dose rate inside the tunnel. The results of this study will facilitate future dismantling, handling
and storage of the activated parts and consequently minimize the radiation dose to involved workers. The component
activation was also compared with the exemption limits given in the current Swiss legislation and to the CERN design
values, in order to make predictions for the future storage and disposal of radioactive waste. The airborne radioactivity
induced by particles escaping the beam dump and the activation of the beam dump cooling water circuit were also
quantified. The aim of this paper is to provide data of sufficiently general interest to be used for similar studies at
other intermediate-energy proton accelerator facilities.
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1. Introduction

The estimation of the induced radioactivity in an ac-
celerator facility is particularly important for mainte-
nance interventions and the final disposal of radioac-
tive waste. Safety is the main reason to perform a ra-
diation protection study already during the design and
construction phase. It must be demonstrated that the
ALARA (As Low As Reasonable Achievable) principle
has been taken into account in the design of the new
facility. Components that could be activated must be
designed in such a way as to facilitate their dismantling,
handling and storage in order to minimize the radiation
dose to workers.

LINAC4 is a new 160 MeV H~™ accelerator which
in a few years will be the source of protons for all
accelerators at CERN. It is an 80-m long normal-
conducting linac made of an H™ source, a Radio Fre-
quency Quadrupole (RFQ), a chopping line and a se-
quence of three accelerating structures: a Drift-Tube
Linac (DTL), a Cell-Coupled DTL (CCDTL) and a Pi-
Mode Structure (PIMS) [1, 2]. LINAC4 will operate
at 1.1 Hz, with a peak current of 40 mA and a pulse
length of 0.4 ms as Proton Synchrotron Booster (PSB)
injector. These parameters correspond to 0.08% beam
duty cycle and 0.032 mA average current or 2x10'* pro-
tons/s, equivalent to a beam power of 5.1 kW at the top
energy of 160 MeV. LINAC4 has been designed to re-
place the present 50 MeV LINAC?2 as injector of the
PSB. The higher injection energy will allow the produc-
tion by the PSB of beams with increased brightness as
required by the High-Luminosity LHC (Large Hadron
Collider). LINAC4 accelerating structures have also
been designed to be the front-end of a future high-power
Superconducting Proton Linac (SPL) [3].

LINACH4 is terminated by a dump collecting the beam
which is not intended for further utilization. When
the beam interacts with the dump, hadronic interactions
produce mixed radiation fields with large numbers of
neutrons and other highly penetrating particles. More-
over, the material of the dump becomes highly activated.
In addition, the LINAC4 accelerator complex is built in
a way (e. g. depth and orientation of the tunnels) that it
allows a future possible connection to the SPL. Conse-
quently, the dump will not be integrated inside the wall
as it is a common solution in similar facilities, but it
will be placed at the junction between the accelerator
and the transfer tunnel (Figure 1). Therefore an effec-
tive shielding surrounding the dump is needed in order
to limit activation of the adjacent structures and to pro-
tect the personnel accessing the machine.

Activation of the accelerator components at energy

Main dump

Transfer tunnel
Linac4 tunnel

Connection to Linac2

Figure 1: Layout of the LINAC4 underground tunnel complex.

between 3 and 160 MeV generates a large volume of
(mostly weakly) radioactive stainless steel and copper,
which also include permanent magnetic quadrupoles
made of a samarium-cobalt alloy. These components
will be subjected to very different levels of activation,
depending on the beam loss patterns, on the type of ma-
terial and on the geometry.

This work provides information on beam loss as-
sumptions, accelerator structure and material composi-
tion, in order to make the results of sufficiently general
interest and provide guidelines for similar studies for
intermediate-energy proton accelerators.

2. FLUKA calculations

Monte Carlo models used to estimate induced ra-
dioactivity in accelerator components must be able to
reliably predict nuclide production in arbitrary target el-
ements and for neutron energies ranging from thermal
to a value close to the maximum accelerator energy. In
this study the Monte Carlo code FLUKA [4, 5], which is
an appropriate code for estimating induced radioactivity
in a wide range of accelerator facilities [6], was used.

2.1. Beam loss assumptions and irradiation profile

In a linear accelerator the equipment activation is pro-
duced by scattered particles escaping from the fields
generated for controlling beam focusing and acceler-
ation and hitting the vacuum chamber. It is hard to
predict and identify the beam loss locations because
they will not be equally distributed along the machine.
Losses typically occur in the aperture restrictions of
quadrupoles, due to possible mismatch between linac
sections. According to the estimated particle loss dis-
tribution, it was assumed that constant losses of 0.1 W
occur every 10 m at selected points along the ma-
chine. This value comes from the analysis of the beam
losses [7] for a 6% duty cycle scenario, indicating a
maximum loss of 1 W in some "hot spots”. During
the LINAC4 operation as PSB injector at 0.033% duty
cycle, losses would be theoretically reduced by a fac-
tor of 180 although it is expected that the sensitivity of
the beam loss monitors would not allow reaching such



a low loss level. A conservative value of 0.1 W per loss
location was therefore assumed, 18 times higher than
the minimum achievable loss level [8]. Table 1 shows
the seven beam losses for the three main accelerating
structures with a total length of 70 m. It is evident that
with increasing energy the number of lost particles de-
creases for constant lost beam power. The calculation of
the induced radioactivity was performed in three posi-
tions (noted in bold in Table 1), representative of typical
aperture restrictions in the various sections of LINAC4:
the first drift tube of the third DTL tank at 31 MeV, the
quadrupole at 80 MeV within the CCDTL section and
the last quadrupole at 155 MeV within the PIMS sec-
tion. For each position the calculations took into ac-
count the activation due to the two loss points upstream
and downstream of the one under study, a rather inno-
vative approach in this type of study.

The induced radioactivity depends on the irradiation
profile, which includes periods of operation at vari-
ous beam intensities alternating with shutdown (mainte-
nance) periods. Although the LINAC4 irradiation pro-
file during its 30 years of planned operation is clearly
impossible to predict exactly, a simplified but quite re-
alistic irradiation profile was derived from the present
LINAC?2 yearly schedule, which consists of an average
operating time of 5000 hours per year. To include a
safety margin, an average of 7000 hours per year was
used in the present calculations (corresponding to the
yearly schedule of LINAC2 without the year-long shut-
down every 4 years).

Concerning the beam dump activation, three opera-
tion periods of LINAC4 were taken into account: the
one month commissioning phase with a nominal beam
power of 2.84 kW, the nine months reliability run with
1/4 of the nominal power to asses the operational avail-
ability of the machine before connection to the PSB, and
the normal operation during the LINAC4 life time when
the dump will be exposed to the beam only occasion-
ally. More details for each operation phase are listed in
Table 2.

2.2. Geometry and material choice

The simulations were performed with FLUKA (ver-
sion 2011.2.17) using a detailed geometrical model of
the main accelerating structures based on the existing
geometry implemented a few years ago for a previous
study [10, 11]. The geometry includes three DTL tanks
with permanent magnetic quadrupoles (PMQ) housed
in the drift tubes; seven CCDTL modules of three
tanks, with PMQs between tanks and electro magnetic
quadrupoles (EMQ) between modules [12]; 12 tanks for

the PIMS made of 7-cell pi-mode structures with exter-
nal EMQs.

The beam dump consists of a core and its shielding.
A cylindrical graphite core, with an effective thickness
of 60 cm, is surrounded by a stainless steel jacket with
incorporated water cooling system [13]. The shielding,
which was designed to fulfill both radiation protection
requirements and structural constraints, consists of steel
blocks surrounding the core and borated concrete blocks
used as the outermost layer. The borated concrete was
chosen to enhance its shielding properties against neu-
trons as well as to lower the induced activity in the con-
crete shielding. Overall dimensions of the shielding are
240200 %224 cm? (lengthxwidthxheight) with a total
weight of 36.3 tons. The detailed geometry is shown in
Figure 2.

Figure 2: Front (left) and side (right) view of the beam dump and its
shielding as implemented in FLUKA. Dimensions are in cm.

2.3. Physics settings

The full electromagnetic and hadronic cascades were
simulated in the main accelerator components including
particles back-scattered from the beam tunnel walls. For
an accurate description of all the nuclear processes rel-
evant for isotope production, the evaporation of heavy
fragments and the coalescence mechanism were explic-
itly turned on. Defaults setting for precision simulations
were used. The particle transport threshold was set at
100 keV, except for neutrons that were transported down
to thermal energies. The low energy neutron transport
(below 20 MeV) was performed using the multi-group
approach, updated to the new 260 group library. The
Decays option was used to simulate radioactive decays
and to set the corresponding transport conditions. This
allows the time evolution of induced radioactivity to be
calculated analytically for fixed cooling times, consid-
ering daughter nuclei as well as the associated radiation.

2.4. Neutron fluence spectra

Apart for components directly hit by the beam (e.g.
collimators or aperture restrictions), most of the induced



Table 1: Beam loss assumptions along the main accelerating structures. The three activation study points are shown in bold.

[ DTL [ CCDTL [ PIMS |
Distance [m] 4 12 23 35 45 55 66
Energy [MeV] 11 31 57 80 100 128 155
Beam loss [p/s] | 5.67E+10 | 2.01E+10 | 1.09E+10 | 7.80E+09 | 6.24E+09 | 4.88E+09 | 4.03E+09

Table 2: LINAC4 operation scenarios [9] and corresponding parameters (irradiation time and average intensity) of the irradiation profiles as
implemented in FLUKA. One month pause between the commissioning and reliability run, and six months pause between reliability run and

normal operation was considered.

Mean Duration Irradiation Average Total number
power [W] time [s] intensity [p/s] of protons
Commissioning run 2841.6 1 month 2.63E+06 5.54E+13 1.48E+20
(12 hours/day)
Reliability run 710.4 9 months 2.37E+07 2. 7TE+13 6.56E+20
(24 hours/day)
Normal operation 2841.6 30 years 9.47E+08 1.33E+12 1.26E+21
(2 hours/week)
radioactivity in proton accelerators in the 100 MeV — 10°
range is due to the stray neutron field. Figure 3 com- 5 10° _:S&TL i \Ys
pares the neutron fluence spectra in the drift tube and R fﬁ‘f/ JL[
in the tank surrounding the beam impact point in the s 10 M”
DTL. Figure 4 compares the neutron energy spectra at 10° o J#a
the location of the three loss points under study for all 107 W l‘:}?
sections. o

The neutron fluence spectra computed for the beam
dump are plotted in Figure 5 and show that the combi-
nation of the iron and borated concrete reduce consider-
ably the secondary neutrons by two orders of magnitude
over the whole energy range. The iron layer has sig-
nificant impact on the high energy neutron component
whilst the concrete is more effective from the fast down
to the thermal energies.
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Figure 3: Comparison of the neutron fluence spectra in the first drift
tube and in the third tank of the DTL section.
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Figure 4: Comparison of the neutron fluence spectra at the three beam
impact points: 31 MeV (DTL), 80 MeV (CCDTL), 155 MeV (PIMS).

3. Dose rates

The personnel accessing the accelerator tunnel after
the beam stop, e.g for performing the maintenance of
the accelerator elements, will be exposed to remnant ra-
diation originating from the activated part of the ma-
chine. In order to estimate the time after which access
can be granted, the residual dose rate profiles and maps
were calculated for several cooling times. Each plot
shown below takes into account the dose rate due to
the beam loss point under study and the two loss points
downstream and upstream. The ambient dose equiva-
lent rate around the dump was also calculated.
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Figure 5: Neutron fluence spectra at the boundary between dump (air
volume around the dump) and inner shielding (steel), between inner
and outer shielding (borated concrete), and outside the shielding.

3.1. Dose rates profiles and maps

In the DTL section the dose rates are rather low due
to the comparatively low beam energy. Figure 6 shows
the dose rate inside the DTL tank for 5 decay times.
Dose rate peaks of about 100 uSv/h and 500 uSv/h can
be observed at the beam impact points at 11 MeV and
31 MeV, respectively. The last peak is due to the dose
rate from the downstream loss point at 57 MeV energy.
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Figure 6: Ambient dose equivalent rate inside the DTL tank along the
beam axis (z) for five decay times.

Whereas the DTL quadrupoles are shielded by the
drift tube and by the tank, the quadrupoles in the other
sections of the accelerator are directly accessible. The
ambient dose equivalent rate inside the CCDTL tank is
shown in Figure 7. A dose rate of almost 10 mSv/h
can be reached at the 80 MeV beam loss point, which
is a critical location because of the permanent magnetic
quadrupole (PMQ) near the vacuum chamber. A few lo-
calized hot spots in correspondence of the quadrupoles
can push the dose rate up to 100 uSv/h at 10 cm from the
tank. On the other hand, the dose rate decreases quickly
far from the beam loss points reaching 0.1 uSv/h in just
one month of cooling time. The difference in the dose
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Figure 7: Ambient dose equivalent rate inside the CCDTL tank along
the beam axis (z) for five decay times.
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Figure 8: Ambient dose equivalent rate inside the PIMS tank along
the beam axis (z) for five decay times.

rate between the first (EMQ) and the second (PMQ) ac-
tivation point is rather due to the different material com-
position than to the difference in energy. Starting from
6 months of cooling time the dose rate peaks caused by
the PMQ magnets along the CCDTL section are clearly
visible. In the PIMS structure the dose rate distribution
is more uniform (Figure 8). Although the beam losses
can occur at the maximum energy, the highest dose rate
does not exceed 2 mSv/h.

The dose rate profiles in the dump proximity are
shown in Figure 9: the ambient dose equivalent rate falls
down steadily due to fast decaying nuclei in activated
parts of the shielding. In concrete it is mainly because
of the relatively short half life (T ;=15 h) of 2Na. The
dose rate reaches a level of a few uSv/h at 1 m distance
after 1 day of cooling. After about one week the residual
dose rate remains almost stable and decreases slowly as
the long lived ?Na (T 2,=2.6 y) in concrete decays. The
highest values of the residual dose rate outside the dump
shielding are in upstream locations (for Z > -9400 cm in
Figure 9 right) because of the activated beam pipe and
due to the residual radiation coming from openings in
the shielding around the pipe and holes for dump ser-
vices.
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Figure 9: Ambient dose equivalent rates after several cooling times on an imaginary plane at the center of the dump perpendicular (left) and along
the beam direction (right) after 30 years of LINAC4 operation. Full vertical lines indicate the shielding boundary and dashed lines mark a 1 m

distance from the shielding.

The dose rate maps in Figure 10 and in Figure 11
were calculated along the z-axis of the accelerator (top
view, y-axis). Figure 10 shows the dose rate plots in the
PIMS section for three beam losses (100 MeV, 128 MeV
and 155 MeV) and several cooling times (1 month, 6
months, 1 year and 2 years). In Figure 11 the maps pro-
viding the spatial distribution of ambient dose equiva-
lent rates around the dump are shown for different cool-
ing times ranging from 1 hour to 2 years.
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Figure 10: Ambient dose equivalent rates calculated in the PIMS sec-
tion for several cooling times after 30 years of LINAC4 operation.

4. Induced radioactivity

The residual radioactivity for the most important ac-
celerator components was calculated for several decay
times. Not only the activation produced by the direct
impact of the beam at the given loss point was esti-
mated, but also the induced radioactivity due to the sec-
ondary particles coming from the two loss points down-

1 hour cooling 8 hours cooling 1 day cooling

0
Z[cm]

2 years cooling

Figure 11: Ambient dose equivalent rates calculated in the dump sec-
tion for several cooling times after 30 years of LINAC4 operation.

stream and upstream. The induced specific activity A;
for each radionuclide i and for several cooling times was
compared with the CERN exemption values LEi used in
design studies for future accelerators [14]. These values
represent, for each nuclide, the minimum of the exemp-
tion limits that are likely to be adopted by future Eu-
ropean Directives and national legislations and are thus
considered as conservative values. They are much more
restrictive than those provided e.g. in the present Swiss
legislation [15] as shown in Table 3. Thus, for a mixture
of n radionuclides a ratio R is defined using the summa-
tion rule:

n Ai
R= — 1
2 (H

=1 1



where both A; and LE; are expressed in Bg/kg.

Table 3: Main radionuclides found in the LINAC4 components and
current (Swiss) and future (design) exemption limits.

. LE [B/kg]

Nuclide | - Ti>  i—gorersy [ Design [14]
H 123y | 2.00E+005 | 1.00E+005
2Na | 26y | 3.00E+003 | 1.00E+002
“TySc | 473y | 2.00E+003 | 2.00E+003
$5Ca | 163d | 1.00E+004 | 1.00E+004
46Sc | 83.83d | 7.00E+003 | 1.00E+002
#y | 1624d | 5.00E+003 | 1.00E+003
w9y 330d | 6.00E+005 | 6.00E+005
Sice | 27.7d | 3.00E+005 | 1.00E+005
Mn | 5.6d | 6.00E+003 | 1.00E+003
SMn | 312.5d | 1.00E+004 | 1.00E+002
SFe 27y | 3.00E+004 | 3.00E+004
6Co | 78.76d | 4.00E+003 | 1.00E+002
S’Co | 270.9d | 5.00E+004 | 1.00E+003
$Co | 70.8d | 1.00E+004 | 1.00E+003
OFe | 445d | 6.00E+003 | 1.00E+003
0Co | 527y | 1.00E+003 | 1.00E+002
BN 96y | 7.00E+004 | 7.00E+004
67n | 243.9d | 3.00E+003 | 1.00E+002
8y | 106.6d | 8.00E+003 | 8.00E+003
$7r | 83.4d | 3.00E+004 | 3.00E+004
45Sm | 340d | 5.00E+004 | 5.00E+004
WEy | 93.1d | 1.00E+005 | 1.00E+005
2By | 13.33y | 7.00E+003 | 1.00E+002
By | 88y | 5.00E+003 | 1.00E+002
ISEu | 496y | 3.00E+004 | 1.00E+003

4.1. Specific activity in linac components

In the DTL section, the proton beam impinges on
the first drift tube of the third tank. The specific ac-
tivity was estimated in the following components of
the third tank: the drift tubes; the permanent magnetic
quadrupoles (PMQ); the stems; the girders; the tank; the
vacuum chamber and the electromagnetic quadrupole
(EMQ) upstream of the loss point; the waveguide and
the support closest to the loss point. Figure 12 shows
the specific radioactivity as a function of cooling time
for the DTL. It is interesting to notice that the PMQs
are the most active components, as expected due to their
high cobalt content. After 2 years of decay time, the
main contributors to R in the PMQs are ®°Co (57%) and
152Ey (26%), whereas >>Fe (which has a much higher
LE) mostly contributes to the total activity (69%). For
the drift tubes almost all activity (and R) is due to Zn
and % Co, but the long decay time is due to ®*Ni, which
is the longest-lived radionuclide (T;/2,=96 y) found in
the radionuclide inventory. In the CCDTL section the

proton beam impinges on the vacuum chamber between
the first and the second tank of the 5" module. The
specific activity was estimated in the following compo-
nents: the vacuum chamber and the PMQ between the
first and the second cavity; the EMQ closest to the loss
point; the tank wall, the copper plating, the first nose-
cone, the first drift tube, the copper and stainless steel
stem downstream of the loss point; the waveguide and
the support closest to the loss point. The most active
component in the CCDTL is the vacuum chamber be-
cause it is directly hit by the beam (Figure 13). After 2
years of cooling, the major contribution to the activity
comes from ¥Fe (76%) and **Mn (9%), but the ratio R
is dominated by 3Mn (90%) and >’Co (4%). **Ti/**Sc
and %Ni are responsible for the residual radioactivity at
very long decay times. In the PIMS section the pro-
ton beam impinges on the vacuum chamber between
the 11" and the 12" tank. The residual radioactivity
was estimated in the following components: the vac-
uum chamber between the 117 and the 12™ tank; the
EMQ adjacent to the vacuum chamber; the left wall and
the external wall of the 12" tank downstream of the
loss point; the external wall of the 117 tank upstream
of the loss point; the nose-cone and the copper cylinder
of the 12 tank located downstream of the loss point;
the support and the waveguide closest to the loss point.
As evident from Figure 14, the most active components
are the vacuum chamber and the EMQ, with specific ac-
tivity higher than 1x107 Bg/kg after 1 year of cooling.
For the vacuum chamber, the major contribution to R
after 2 years of cooling comes from *Mn (90%) and
37Co (4%), whereas the major contribution to the activ-
ity comes from *Fe (65%) and **V (10%). The EMQs
activity is dominated by *>Fe (79%) and **Mn (11%),
but the main contribution to R is due to **Mn (92%)
and ®°Co (3%). Table 4 shows the fraction R of CERN
design exemption limits for some selected components
after 2 years of cooling time.

4.2. Specific activity in dump components

Assuming 2 years of cooling time after 30 years of
accelerator operation, mainly long lived radionuclides
remain in the dump materials. In case of the dump core,
which consists of pure carbon, almost all total activity
and R are due to H. For other parts of the core made of
stainless steel, the main contributors are >>Fe (76%) and
3Mn (11%), contrary to R where the main contributors
are >*Mn (88%) and °°Co (7%). A different situation
is found for the steel shielding where 3Fe (49%) and
%0Co (38%) account for most of the activity. The low
LE; value associated with ®°Co leads to its 86% contri-
bution to R. The second most important contributor to



Table 4: Fraction of CERN design exemption limits R = };; A;/LE; for the main accelerator components after 2 years of cooling time.

| Component Material | DTL [ CCDTL [ PIMS |
Vacuum Chamber | Stainless steel (316L) 1.67E+00 | 1.35E+05 | 1.28E+05
Drift tube Copper 4.53E+01 | 2.24E+02 /
PMQ Samarium-cobalt alloy 9.23E+01 | 8.62E+02 /
EMQ Low carbon magnetic steel 1.17E-01 | 5.95E+02 | 8.73E+03
Stem Copper 1.36E-01 | 5.55E+00 /
Stem Stainless steel (316L) 8.79E-02 | 8.87E+00 /
Tank Stainless steel (304L)/Copper (PIMS) 8.59E-02 | 1.91E+01 | 9.58E+01
Girder Aluminium (AW6082) 3.24E-03 / /
Nose-cone Stainless steel (304L)/ Copper (PIMS) / 6.17E+02 | 2.47E+03
Cylinder Copper / / 8.30E+02
Plating Copper / 6.20E+00 /
Waveguide Stainless steel (304L) 5.13E-03 | 1.60E+00 | 6.62E+00
Support Steel (ST-37) 2.42E-02 | 4.68E-01 | 5.53E+00
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Figure 12: Specific radioactivity as a function of cooling time in the
main DTL components.

R is **Mn (11%). The difference in the values for the
steel of the dump core and of the shielding is due to
their different material compositions. In case of the bo-
rated concrete shielding, the principal contributions to
the activity come from 3H (75%) and »Fe (11%). As
expected, the contribution to R is dominated by *’Na
(87%); the second significant contribution is from >*Mn
(11%). Finally, the specific activity and fraction of the
exemption limits for each component during the dump
decommissioning are summarized in Table 5.

4.3. Total radioactivity distribution in linac compo-
nents

In order to evaluate the activity distribution inside the
Linac a region-independent scoring (Cartesian binning)
of the total radioactivity over the three beam loss points
in each section of the linac was carried out for 5 cooling

Cooling time [years]

Figure 13: Specific radioactivity as a function of cooling time in the
main CCDTL components.

times: immediately after the end of the operation and
after 1 month, 6 months, 1 year and 2 years. Figure 15
shows the activation profile of the fiftth CCDTL module,
which consists of three tanks. The beam loss points at
35 m distance and 80 MeV energy is clearly visible.

5. Airborne radioactivity and water activation

Personnel accessing the LINAC4 tunnel shortly after
the beam is stopped can be exposed not only to residual
radiation from the activated structures, but also to radi-
ation from the activated air through external exposure
and inhalation. Moreover, certain amount of airborne
radioactivity will be released off-site the building. It
is therefore necessary to estimate the air activation and
its radiological impact. Since the main contribution to
the airborne radioactivity and water activation will come



Table 5: Specific activity and fraction of CERN design exemption limits for the dump after 30 years of operation and 2 years of cooling time.

| Component Material | Mass [tons] [ Activity [Bg/kg] | ¥ Ai/LE; |
Dump core Graphite/steel 0.34 3.60E+08 4.58E+04
Inner shielding | Steel 15.89 8.72E+05 3.89E+03
Outer shielding | Borated concrete 20.07 2.31E+03 2.17E+00
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Figure 14: Specific radioactivity as a function of cooling time in the
main PIMS components.

from the dump only this component was considered for
this study.

5.1. Residual and released air activity

The time evolution of the activity was calculated for
all radionuclides produced in the air by folding the
track-length spectra computed by FLUKA for different
hadrons (n, p, n*, 77) with the energy dependent pro-
duction cross section of the target nuclide in the air com-
pound. This two-step technique [16] allows obtaining
the production yields with sufficient statistical precision
also for low-density media in comparison of computing
the same quantity in FLUKA directly. The total yield
for each radionuclide is given in Table 6.

Assuming a simple laminar flow model with a partial
air exchange of Q = 2000 m*/h out of a total air volume
V = 1330 m? of the tunnel, one can calculate the activity
of a radionuclide at the end of the irradiation time ¢, for
a given beam intensity I by [17]:

Yai
7

(1 - e_l't"”), where A = A1+ 2

Apes = v

Y and A denote the radionuclide production yield per
primary proton and the decay probability per unit time.
A is the effective decay constant taking into account
the air exchange during the irradiation (the ratio Q/V

Z [cm]

Figure 15: Profile of the total radioactivity in the 5 CCDTL module
along the beam axis (z) for five decay times.

represents the fraction of the total air renewed per unit
time). The saturation activity, i.e. the activity at the
equilibrium between radionuclide production and decay
including the air renewal, is reached after about 90 min-
utes. The total residual activity just after the beam stop
has been estimated to be about 33 MBq. The contribu-
tion of each radionuclide to the total activity is listed in
Table 6.

The activity released into the atmosphere during
the irradiation can be obtained for each radionuclide
by [17]:

=t
A Y/lIQ(tm_ et )e_m,,

v X

where t,,; is the time needed for the activated air to reach
the release point. Its value was estimated, based on the
length of the air path and the velocity of the air in the
tunnel and in ventilation ducts, to be around 5 minutes.
The annual activity released in the environment during
the LINAC4 normal operation phase is about 3 GBq.

5.2. Estimation of committed effective doses

The activity concentrations were calculated with the
assumption that the activity in air is distributed homo-
geneously throughout the LINAC4 tunnel and the dump



area, which leads to a value of 25 kBg/m®. The radi-
ological importance of a radionuclide can be obtained
from a comparison of the computed activity concen-
tration for each radionuclide with the guideline values
CA [Bq/m3]1 for airborne activity concentration accord-
ing to the Swiss legislation [15]. As shown in Ta-
ble 6 the most important radionuclides are ''C (T, =
20.4 min), ®*N (T}, = 9.97 min), 30 (Ty;, = 122s),
and “'Ar (T, ;2 = 109.34 min). Those positron emit-
ters account for almost 99% or 97.8% of the total CA or
specific activity fractions, respectively.

A worker performing an intervention just after the
machine shutdown will be exposed to the external (via
immersion in activated air) as well as to internal (via in-
take of radioactive air through breathing) radioactivity.
The effective dose rates due to the external exposure was
estimated for a given radionuclide from the fraction of
its CA value. The effective dose rates for internal expo-
sure were calculated supposing a standard breathing rate
of 1.2 m*/h and using the dose coefficients for inhala-
tion e;,, [Sv/Bq] as given by the Swiss legislation [15].
The effective dose rates for external exposure were cal-
culated by using the CA values. The total effective dose
rate for external exposure and inhalation was estimated
to be 3.6 uSv/h. This value is mostly due to external ex-
posure, mainly by the above mentioned positron emit-
ters.

5.3. Activation of cooling water

The main dump will be connected to a closed dem-
ineralised water circuit which is used to cool the main
dump, the dumps in the measurement lines and other
equipment installed inside the transfer tunnel. The wa-
ter flowing through the dump cooling system will be ac-
tivated via hadronic interactions of the secondary par-
ticles produced in the dump. In order to estimate the
activity of the water flowing inside the dump, the pro-
duction yields of the radionuclides in the water circuit
were calculated. The values obtained for a total irradi-
ated volume of 2.5 1 inside the dump are given in Ta-
ble 7. Then the activity in the cooling water at the end
of the irradiation period #;, for a given production rate
P =Y x I, where Y is the yield and 7 is the beam inten-
sity, is calculated by:

Al =P (1 - 67/“""’1) y

A, =P, (1 _ e*ﬂtirrz) + Ale*/l(toffA+tirr2)’

'The CA is a guidance value for chronic occupational exposure
to airborne activity. Exposure to an airborne activity concentration
CA for 40 hours per week and 50 weeks per year yields a committed
effective dose of 20 mSv[15].
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Az = P3 (1 _ e—/lfirra) + Aze_/l(faf'/'3+fir-r3)’

where #,774 and t,¢p stand for the first and second pause
(1 and 6 months) between accelerator operation; index
1, 2, and 3 corresponds to the commissioning, reliabil-
ity run and normal operation, respectively. Considering
that the cooling loop is closed, one can obtain the ac-
tivity concentration in Bg/m? by dividing the activity by
the total volume of cooling water that is estimated to be
approximately 1.5 m®. The results obtained are sum-
marized in Table 7. From a radiological point of view,
the most important radionuclides are the long lived *H
and "Be having a total activity at the end of the LINAC4
life time equal to about 7.8 and 1.8 MBq, respectively.
It should be noted that *H will be distributed homoge-
neously along the whole cooling loop with an activity
concentration increasing proportionally with the irradi-
ation time up to about 5.2 Bg/cm? at the end of the ac-
celerator life time. On the other hand, "Be will be cap-
tured by a special filter (e. g. in demineraliser) and thus
it will increase the activity in those parts of the loop.

Table 7 compares the total and specific activity with
the exemption limits as given by the Swiss legisla-
tion [15]. This legislation is applicable (i.e. the wa-
ter is considered as radioactive) if the specific activity
exceeds one per cent of the exemption limit LE as a
weekly mean and/or the total activity release per month
is larger than 100 times the LE. It should be stressed that
the LINAC4 water cooling circuit is a closed loop and
no release of the activated water into the environment is
foreseen during its life time.

6. Individual and collective doses for the dump ex-
change

During LINAC4 operation the dump components as
well as its shielding will be highly activated and the
residual dose rates will reach levels at which any main-
tenance or intervention must be planned in advance.
The worst case is the loss of the dump functionality that
will results in its complete replacement. In order to pro-
tect personnel who will perform such an intervention,
the procedure must be optimized based on the ALARA
(As Low As Reasonably Achievable) principle. For this
reason the dump shielding was designed in a way that it
permits an easy access to the core and its removal.

Individual and collective doses received by workers
who will be involved in the dump exchange were calcu-
lated for each intervention step knowing the detail work
procedure including the number of workers, their pre-
cise locations and duration of each work action. The



Table 6: Total radionuclide production yields in the air for a proton interaction in the dump and corresponding residual activity and activity released
into the atmosphere, airborne activity concentration values (CA) according to the Swiss legislation [15], and dose rates for internal and external

exposure of personnel accessing the LINAC4 tunnel.

Nuclide Half Yield Residual  Activity released CA Activity con- Dose rate for inter-
life [s] per activity into atmosphere [Bg/m?]  centration/CA nal and external
primary [Bql [Bql exposure [uSv/h]
C-11 1.22E+03  5.94E-08  3.72E+06 1.52E+10 7.00E+04 4.00E-02 1.07E-02
N-13 5.98E+02  2.26E-07 1.81E+07 6.17E+10 7.00E+04 1.94E-01 1.94E+00
O-15 1.22E+02  9.66E-08  9.79E+06 8.64E+09 7.00E+04 1.05E-01 1.05E+00
P-32 1.23E+06  3.86E-10  5.35E+01 2.72E+05 2.00E+03 2.02E-05 1.40E-04
Cl-38 2.23E+03  3.14E-09 1.45E+05 6.41E+08 4.00E+04 2.72E-03 9.55E-03
Cl-39 3.34E+03  5.19E-09  1.85E+05 8.52E+08 2.00E+05 6.98E-04 1.27E-02
Ar-41 6.58E+03  3.89E-08  8.32E+05 3.99E+09 5.00E+04 1.25E-02 1.25E-01
[ Total - - 3.31E+07 9.13E+10 - 3.56E-01 3.15E+00 ]

Table 7: Total radionuclide production yields in the water cooling circuit for an irradiated volume of 2.5 I for a proton interaction in the dump and
corresponding total and specific activity. The latter is calculated assuming a total volume of 1.5 m? of water inside the cooling loop. Total activity
A; and activity concentration a; in water cooling circuit compared to an exemption limit LE; for a given radionuclide and its relative contribution.

Nuclide Half Yield Total Activity concen-  LE; [Bq/kg’] a;/(LE/100)  A;/(100LE;)
life per primary  activity [Bq]  tration [Bg/cm?] or [Bq]
H-3 1233y 6.01E-06 7.80E+06 5.20E+00 6.00E+05 8.66E-01 8.66E-05
Be-7 53.22d 1.32E-06 1.76E+06 1.17E+00 4.00E+05 2.93E-01 2.93E-05
[ Total - - 9.56E+06 6.37E+00 - 1.16E+00 1.16E-04 ]

residual dose rates at a given location and estimated in-
dividual and collective doses for different cooling times
are summarized in Table. 8. The individual and collec-
tive doses are less than 0.2 mSv if 8§ hours of cooling
time are considered. Those values are well under the
CERN design criteria and therefore the established in-
tervention scenario can be considered as optimized.

Table 8: Expected maximum individual and collective doses for the
dump exchange intervention, and maximum dose equivalent rate dur-
ing the intervention.

Cooling time [ Th 8 1d 1w 1m |
Individual dose [uSv] | 1585 126 23 15 12
Collective dose [uSv] | 2055 167 32 20 16
Dose rate [uSv/h] 698 57 10 7 6

7. Results and conclusions

A set of FLUKA simulations using a detailed geomet-
rical model of the accelerator was carried out to predict
the induced radioactivity in LINAC4 after several years
of operation and for various decay times. The following
estimations were performed: residual radioactivity in
the main components; comparison with the future (de-
sign) exemption limits; profile of the total activity for

11

the three beam loss points under study; dose rate in the
whole accelerator structure for relevant cooling times.

Itis predicted that most of the components in the DTL
can be dismantled soon after the final shutdown. The
mean storage time required is: 2 years for the vacuum
chamber and 10 years for the drift tubes. The PMQs will
exceed the limits for at least 50 years after final shut-
down. In the CCDTL the dismantling is recommended
after 2 years of cooling. After 10 years about half of
the accelerator components are below the limits. The
longest decay time foreseen is 100 years for the vacuum
chamber. In the PIMS the dismantling should start af-
ter 5 years of cooling. Half of the PIMS components
are expected to be below the limits after 20 years. The
longest estimated decay time is 100 years for the vac-
uum chamber.

Dose rates at 10 cm from the tank vary in the range
of 0.1-1 uSv/h for the DTL and between 1 uSv/h and
100 uSv/h for the CCDTL. Although the beam losses
can occur at the maximum energy in the PIMS, the high-
est dose rate does not exceed 100 uSv/h at 10 cm from
the tank.

The residual dose rates show that the dump area will
be accessible after a short cooling time. The activity re-
leased into the atmosphere was estimated and the effec-
tive dose due to airborne radioactivity was found to be
under the limits for workers accessing the tunnel. Ra-



dionuclide production in water was quantified for the
dump cooling system. The individual and collective
doses for the dump exchange were calculated. The in-
tervention for the dump replacement is possible within
24 hours after a dump failure. The radionuclide inven-
tory for all dump materials was established and give an
important input for radioactive waste management dur-
ing the decommission of the LINAC4.

It is important to point out that the values of the in-
duced radioactivity predicted in this study were esti-
mated for the most probable scenario at the present time,
i.e. 0.1 W of beam losses every 10 m for 30 years of ir-
radiation. In case of different losses, irradiation profile
or machine operating parameters, an increase/decrease
in beam losses can be expected and, therefore, in ma-
chine activation depending on the new scenario. It is
most likely that the activation will not be uniformly dis-
tributed along the machine. The components indicated
as activated in this study could in reality be only par-
tially radioactive, depending on the distance from the
beam loss points. It may be feasible that a given com-
ponent is cut in pieces, and each piece is either disposed
as conventional waste or stored as radioactive. This is
of course hard to predict at this stage and only opera-
tional radiation protection measurements on each ma-
chine components after the final shutdown will provide
the real activation scenario and allow deciding e.g. on
the required cooling time.
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