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The estimation of induced radioactivity and radiological classification of activated material is necessary
throughout the life cycle of the Large Hadron Collider (LHC) accelerator. As part of the upgrade to High-
Luminosity LHC (HL-LHC), radiation protection assessments need to be performed in order to estimate the
radiological hazard during the dismantling activities of the LHC cables. The proposed In-situ radiological
classification and characterization of the activated cables relies on validated FLUKA.CERN Monte Carlo

simulations and analytical computations. The objective is to establish a methodology that allows clearing
the material from regulatory control according to the Swiss Radiation Protection Legislation using the total
gamma counting (TGC) analysis technique for an envelope set of activation scenarios. The study also includes
a preliminary benchmark of the FLUKA geometry model and physics models based on gamma spectrometry
laboratory analyses of representative samples.

1. Introduction

The High Luminosity Large Hadron Collider (HL-LHC) upgrade cov-
ers the decommissioning and removal of the LHC equipment and finally
the installation of new machine components, mainly in the insertion
regions (IR) IR1 and IR5 (around ATLAS and CMS experiments) (Aberle
et al.,, 2020). The upgrade of the LHC to HL-LHC aims to increase
the instantaneous luminosities by a factor of 5 from the LHC nominal
value. The final upgrade to HL-LHC is foreseen in the Long Shutdown
3 (LS3), which will start in 2026 and will last for 3 years. One of
the activities that need to be performed during LS3 is the removal of
approximately 250 m? of cables (corresponding to 586 km) from IR1
and IR5 respectively.

During the LHC accelerator operational phase, cables within the
machine tunnel are exposed to the shower of the scattered primary
beam and secondary particles generated by the collisions, thus leading
to induced radioactivity in the conductor and in the insulator material.
For proper disposal of the cables, the estimations of induced radioac-
tivity and radiological classification of activated material are necessary
throughout the life cycle of the LHC.

With the HL-LHC upgrade, several radiation protection challenges
need to be addressed concerning cable dismantling, transport and
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finally radiological characterization. In the context of radiological char-
acterization, a preliminary phase so-called In-Situ characterization is in-
vestigated at first. It relies on FLUKA Monte Carlo simulations (FLUKA
CERN, 2023; Ahdida et al., 2022; Battistoni et al., 2015), analytical
computations using ActiWiz (Vincke and Theis, 2014), and Fluence
Conversion Coefficient method (FCC) (Froeschl, 2018). Consequently,
we developed a customized characterization methodology, prior to
dismantling activities, based on total gamma counting (TGC) and the
leading nuclide correlation method (LNC) associated with the conser-
vative material nuclide vectors ’fingerprints’ for activated cables in
the LHC. The fingerprint is defined by maximizing the sum of Swiss
clearance limits 'L’ (Limite de Libération) fractions per TGC signal.
The methodology starts with the establishment of the radionuclide
inventories and corresponding activity values for an appropriate range
of activation scenarios (different cable material compositions, locations
in the accelerator complex, and waiting times). Subsequently, the
fingerprint, which corresponds to the scenario that yields the most
conservative results is retained. The objective of the In-situ character-
ization is to predict the radionuclide inventory, estimate the specific
activities, and establish the fingerprint for cable material type. It also
aims at optimizing the cable removal process and minimizing the
volume of the generated radioactive waste.

0969-806X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Materials and methods
2.1. Waste candidates and clearance criteria

One of the key parameters of radiological characterization of the
activated cables is accurately determining the material chemical com-
position. On the other hand, thorough knowledge of the material
composition is challenging due to the numerous cable types installed
in the tunnel during the entire lifetime of the LHC accelerator.

The European Organization for Nuclear Research (CERN) Radiation
Protection Group performed a study (Rimlinger et al., 2020) in order
to indicate the representative cable families, namely (1) cables with
aluminium wires and (2) cables with copper wires or both aluminium
and copper wires. The chemical composition of these two cable families
is based on the CERN catalogue of materials or X-ray Fluorescence
(XRF) measurements on a number of cable samples. The retained
composition is averaged over the different types of cables (i.a. power,
signal and coaxial cables). It needs to be noted that the actual chemical
composition of a given cable type may deviate from the reference one
due to variations in the presence of trace elements. A third family of
cable type, optical fibre, is also identified at CERN. The optical fibres
are constituted of silica, Si0, (98 wt. %) with impurities of Fluorine (1
wt. %) and Chlorine (1 wt. %). Our investigations indicate that 75% of
the optical fibre volume is the acrylate coating with no impurities. In
addition to the removal of the cables, it is also planned to dismantle the
cable support (cable-trays). The cable-trays installed in the LHC tunnel
are typically made of steel (stainless steel 304L) or carbon steel. For
the former material, the cobalt impurity is set to 0.1 wt% and for the
latter to 0.005 wt% respectively.

Waste cable candidates, as described above, need to meet several
criteria to be considered for clearance from the regulatory control in
Switzerland. One of the criteria, as CERN adapted from The Swiss
Federal Council (2018), indicates that each radionuclide’s activity con-
centration cannot exceed the clearance limit, LL, expressed in Bq/g. In
the case of a mix of radionuclides, the sum of LL fractions (LLg,,)
must be below unity, as presented in Eq. (1).

a;
— <1, 1
LL, )

LLsym =
where g; is the specific activity of radionuclide i in a waste and LL;
represents the LL value for radionuclide i.

Also, the dose rate at 10 cm from the object’s surface must be below
0.1 uSv/h, and the surface contamination must be below the surface
contamination limits (CS) (The Swiss Federal Council, 2018) or, for
a mixture of radionuclides, the sum of all ratios between the surface
contamination (in Bq/cm?) and the corresponding CS value must be
below unit.

2.2. Radionuclide inventory prediction tools: FLUKA CERN, ActiWiz and
FCC

In order to estimate the radionuclide inventory and the activity
levels of the activated cables, Monte Carlo FLUKA.CERN (version 4.3-
2) simulations were performed. The main source term considered was
a symmetric proton—proton (pp) collision at 160 urad half crossing
angle, and \/6 = 13.6 TeV centre-of-mass energy (i.e. 6.8 TeV per
crossing beam) occurring at the Interaction Point 1 and 5 (IP1, IP5).
The electromagnetic (EM) production and transport thresholds for the
prompt simulation step are set to 1 MeV for e* /e~ and 0.1 MeV for y.
Neutrons are transported down to thermal energies and the transport
threshold for all other particles is set to 1 MeV. The applied irradiation
profile covers the entire lifetime of the LHC accelerator until the end
of 2025 (Run 3) (Elie et al., 2023).

The FLUKA simulations were used to compute the fluence spectra
for neutrons, protons, photons, and charged pions (n, p, y, =+, z~) for
specific regions. Fig. 1 depicts the ten regions for which the fluence
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spectra were computed. The volume of each region filled with air was
20 x 40 x 100 cm?, in correspondence with existing cable-trays. The
fluence spectra were incorporated into the analytical computation soft-
ware ActiWiz Creator version 3.5 to generate radionuclide inventories
and quantify the associated activity values.

In addition, the FCC values were applied via a dedicated user rou-
tine during the FLUKA radiation transport simulation. The FCC method
is based on generating a set of particles (n, p, #*, z7) and energy-
dependent coefficients for a given material composition, irradiation
and waiting times, and for a scoring quantity, such as the sum of
LL fractions. Consequently, the spatial maps were generated for the
distribution of the LLg,, in the LHC tunnel in Points 1 and 5 at the
length of 270 m from the IP for 6 months and 1 year after the end of
Run 3 pp operations.

2.3. Total gamma counting method and fingerprint selection

The method is based on total gamma counting (TGC) and the
leading nuclide correlation method (LNC) associated with conservative
fingerprints (Frosio et al., 2020; Harbron et al., 2023). The method-
ology starts with the establishment of the radionuclide inventory and
the associated activity values for the considered activation scenarios
in the LHC accelerator. It was performed using FLUKA simulations and
ActiWiz computations. The former relied on scoring the fluence particle
spectra by FLUKA USRTRACK card in the regions (see Fig. 1). The latter
was based on constructing the activation scenarios for the computed
fluence particle spectra. Each scenario assumed that the irradiation
profile includes the entire lifetime of the LHC pp operation. The waiting
times were 6 months 9 months, 1 year, 1.5 years and 2 years, according
to the planned starting date of the cable removal works in the tunnel.

Afterwards, the most conservative fingerprint is established by max-
imizing the Figure Of Merit (FOM), given by Eq. (2).

rou. — LLsum _ _ YA /LL;
! TGCsignar LAy XLNGC’

where FOM; is the FOM for scenario j, A;; represents the activity
value of radionuclide i in scenario j. The LNC; factor describes the
detectability of a given radionuclide i in the TGC system, relative to
Co-60.

For each material type, the radionuclide vectors were selected based
on the scenarios yielding the highest FOM value for the associated
waiting times and locations. The fingerprint is defined as the list of
radionuclides needed to reach 90% (or 95%) of LLg; s or TGCgronar
respectively. Afterwards, the activity values for radionuclides that meet
summation criteria (90% or 95% of LLg;, or TGCg G 4r) Were nor-
malized to give 100% of the total specific activity value. It needs to be
noted that the proposed fingerprints in the present paper can be de-
ployed only for the TGC: RADOS RTM644," from Mirion Technologies,
serial number 40 as it incorporates the predicted TGC signal-specific
response. However, the study can be extended to other types of TGC
systems, accordingly.

(2)

2.4. Validation samples

In order to validate the radiation protection quantities provided
by the FLUKA simulations, a quantitative comparison was performed.
The analytical quantities given by FLUKA, such as activity values are
compared with the corresponding set of gamma spectrometry (GS) mea-
surements of the samples carried by a P-type High Purity Germanium
detector from Mirion Technologies. The benchmark samples are made
of aluminium and copper materials. They were installed in the LHC
tunnel on the quadrupole magnets (the inner triplet). The samples were
irradiated for a year during the LHC pp operation. The locations of the
samples are shown in Fig. 1 along with the cable locations.

1 https://www.mirion.com/products/rtm644inc-large-clearance-monitor
last visited on 4 October 2023.
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Fig. 1. The scheme of the cable fluence spectra calculation positions (red rectangles), and position for other benchmark aluminium and copper samples (red X) in the LHC tunnel
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Fig. 2. Sum of LL fraction estimated for copper cables in Point 1 (average over dy=+ 150 cm at a height y = 50 cm) for 6 months after the end of Run 3 pp operation.
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Fig. 3. Sum of LL fraction estimated for aluminium cables in Point 5 (average over Ay=+ 150 cm at a height y = 50 cm) for 6 months after the end of Run 3 pp operation.

3. Results and discussion
3.1. Spatial distribution of the clearance hazard factor

The 2D maps of the clearance hazard factor were generated for
the distribution of the LLg,, for all considered cable and cable-tray
materials, waiting times, and Point 1/Point 5 facilities. Figs. 2 and 3
show examples of the LLg;;,, for copper and aluminium cables.

Point 1 map shows that the LLg;,, for the copper cables, installed
along the LHC machine, is consistently above unity for a waiting
time of 6 months after the end of Run 3 pp operation. The transition
zone between non-radioactive and potentially radioactive copper cables
appears to be in the service tunnel UL16. The 2D maps of Point 1
and Point 5 are similar for the copper and aluminium cables along the
machine.

Point 5 map shows that the aluminium cables passing the UJ57
service tunnel are still radioactive after 6 months of waiting time. On

the other side, in the RR57 area, the LLg,, is below unity defining a
clearance candidate region.

3.2. Radionuclide inventories and fingerprints

For each material type listed in Section 2.1 and waiting time value
provided in Section 2.3, an activation scenario was generated using
ActiWiz as described in 2.2. The output of this calculation is a list of
radionuclides and associated specific activity values. As an example,
Table 1 presents the top 10 contributors to the specific activity values
for the most conservative activation scenario for carbon steel with
a waiting time set to 1 year after the end of Run 3 pp operation
(see Fig. 1, location 4). Furthermore, the process of computing the
fingerprint in order to reach 90% (or 95%) to LLg;, or TGCg gnarL
is shown in Table 1 by indicating the surviving radionuclides after the
90% or 95% conditions.

Tables 2 and 3 present the conservative fingerprints for the TGC
method for waiting times ranging from 6 months to 1 year, and from
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Table 1
List of the top 10 radionuclides produced through activation of carbon steel located in the LHC tunnel for 1 year of waiting time.
Radionuclide Activity (Bq/g) LL (Bq/g) LNC fraction of fraction of Contribution to Contribution to Needed to reach Needed to reach Needed to reach Needed to reach
LLgyy TGCyranar LLgyy in % TGCyonar in % 90% of LLgyy 90% of TGCggyar 95% of LLgyy 95% of TGCggyar
Mn-54 38.19 (3.5%) 0.1 045321 381.86 17.31 92.99 85.60 Yes Yes Yes Yes
Co-60 2,62 (1.9%) 0.1 1 26.22 2,62 6.38 12.94 No Yes Yes Yes
Sc-46 0.08 (1%) 0.1 096909  0.83 0.08 0.20 0.40 No No No No
Fe-55 286.31 (0.7%) 1000 0 0.29 0 0.07 0 No No No No
Co-57 0.26 (2.4%) 1 001666  0.26 0.004 0.06 0.02 No No No No
Fe-59 0.10 (4.6%) 1 050134 0.10 0.05 0.03 0.26 No No No No
Co-58 0.08 (0.6%) 1 054174 0.08 0.04 0.02 0.21 No No No No
H-3 1.57 (4.6%) 100 0 0.02 0 0.004 0 No No No No
Ni-63 017 (0.9%) 100 0 0.002 0 0.0004 0 No No No No
V-49 4.62 (1%) 10000 0 0.0005 0 0.0001 0 No No No No
Table 2
The most conservative fingerprints proposed for various waiting time ranges. The radionuclides contribute to 90% of LLg;,, or TGCg;Gnar-
90%
Type waiting time range FOM fingerprint (radionuclide, %Activity)
Copper cable 6 months — 1 year 11.9 Na-22, 2.2; Mn-54, 15.6; Co-56, 1.6; Co-57, 34.9; Co-58, 5.6; Co-60, 16.1; Zn-65, 7.5; Sb-124, 13.3; Sb-125, 3.4
Copper cable 1 year — 2 years 22.7 Co-60, 23.5; Zn-65, 46.8; Sb-125, 29.7
Aluminium cable 6 months — 1 year 12.8 Zn-65, 56.3; Sb-124, 43.7
Aluminium cable 1 year — 2 years 33.1 Na-22, 3.4; Zn-65 96.6
Optical fibre 6 months — 2 years 9.7 Na-22, 100
Carbon steel 6 months — 2 years 20.3 Mn-54, 93.6; Co-60, 6.4
Stainless steel 304 6 months — 2 years 12.9 Mn-54, 43.6; Co-60, 56.4
Table 3
The most conservative fingerprints proposed for various waiting time ranges. The radionuclides contribute to 95% of LLg;,, or TGCg;Gnar-
95%
Type waiting time range FOM fingerprint (radionuclide, %Activity)
Copper cable 6 months — 1 year 11.9 Na-22, 2.2; Mn-54, 15.6; Co-56, 1.6; Co-57, 34.9; Co-58, 5.6; Co-60, 16.1; Zn-65, 7.5; Sb-124, 13.3; Sb-125, 3.4
Copper cable 1 year — 2 years 22.7 Co-60, 22.7; Zn-65, 45.3; Sb-124, 3.2; Sb-125, 28.7
Aluminium cable 6 months — 1 year 12.8 Zn-65, 56.3; Sb-124, 43.7
Aluminium cable 1 year - 2 years 33.1 Na-22, 3.3; Zn-65 93.6; Sb-124, 3.1
Optical fibre 6 months — 2 years 9.7 Na-22, 100
Carbon steel 6 months — 2 years 20.3 Mn-54, 93.6; Co-60, 6.4
Stainless steel 304 6 months — 2 years 12.9 Mn-54, 35.6; Co-57, 16.9; Co-60, 46.1
Table 4
Activity comparison for the GS and FLUKA results. The activity uncertainties are quoted at 1 o.
Sample material Aluminium Copper
Radionuclide Na-22 Co-60
Sample position FLUKA (Bq/g) GS (Bq/g) GS/FLUKA FLUKA (Bq/g) GS (Bq/g) GS/FLUKA
P1-55-ITR 5.82 (1%) 3.29 (3%) 0.6 + 0.05 1.62 (7%) 1.19 (4%) 0.7 + 0.1
P1-56-ITR 5.03 (1%) 6.66 (15%) 1.3 £ 0.2 1.85 (4%) 2.68 (11%) 1.5 + 0.2
P1-57-ITR 4.21 (1%) 2.49 (4%) 0.6 + 0.05 1.46 (8%) 1.19 (4%) 0.8 + 0.1

1 year to 2 years. The cable removal process is expected to start after
6 months from the end of Run 3 pp operations.

For copper cables, the highest contributing radionuclides to the
fingerprint for a waiting time of 2 years are Zn-65, Sb-125 and Co-
60. For aluminium cables, the contribution of the activity fraction of
Zn-65 is increasing for longer waiting times. In the case of optical
fibres, all the considered penalizing scenarios indicated that Na-22 is
the only contributor to the fingerprint. For carbon steel and stainless
steel 304L cable-trays the most conservative nuclide vector includes
the radionuclides Mn-54 and Co-60 for waiting times ranging from 6
months to 2 years.

3.3. Validation of FLUKA CERN model

Table 4 presents a comparison of the activity values predicted
by the FLUKA model and measured by GS for the aluminium and
copper samples. The main gamma emitters are Na-22 in the aluminium
samples and Co-60 in the copper samples. The reported uncertainty of
the GS activity results does not include the systematic geometry model
uncertainties due to the not well-known parameters.

The activity ratio of Na-22 ranges from 0.6 to 1.3 and for Co-60,
it is between 0.7 and 1.5. Any discrepancies in the quantification of

the included radioactivity between FLUKA simulations and GS sample
measurements could be associated with the differences between the
actual equipment geometry layout in the LHC tunnel and the FLUKA
model. Nevertheless, the presented benchmark showed an agreement
within a factor of 2 between the FLUKA model and GS measurement
results. This consistency increases the confidence level one could assess
the LLgy ), maps that are predicted by the FLUKA calculations. Future
work includes continuing this validation effort on an annual basis as
these samples can be accessed only once a year during the yearly
shutdown period.

4. Conclusions

We have developed a radiological In-situ classification and charac-
terization methodology of activated cables and associated cable trays
in the LHC accelerator, which aims at clearing the material from
the regulatory control according to the Swiss Radiation Protection
Legislation. The methodology is based on the TGC analysis technique
coupled with the conservative fingerprints for various activated cable
types in the LHC tunnel (Points 1 and 5). The first phase of the method-
ology was to establish the radionuclide inventory and the associated
specific activity values for all considered activation scenarios in the
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LHC tunnel. For each material type, corresponding waiting times and
ten specific regions, we computed the most conservative fingerprint by
maximizing the FOM value. These fingerprints are useful during the
future clearance campaigns that will be carried out on this material. It
allows the optimization of the radioactive waste generation reducing
the financial costs and the environmental impact of the CERN orga-
nization. Additionally, the LLg;;,, maps were generated using the FCC
method. It allows us to perform radiological zoning and precisely define
the classification of the installed cables in the LHC tunnel (accelera-
tor tunnel and service galleries) prior to dismantling. Furthermore, it
points out where further sampling of the cables should be performed
to optimize the cable removal works. Finally, the validation of the
FLUKA model was carried out using high-energy resolution gamma
spectrometry. The quantitative comparison showed that the specific
activity values obtained by FLUKA simulations are consistent with the
GS measurements of the aluminium and copper samples.
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