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This study outlines the decommissioning process of an 11 MeV self-shielded medical cyclotron operated for over
12 years at the Ospedale San Raffaele, Milano, Italy. A comprehensive analysis of neutron-induced activation in
the vault walls was performed to guide safe demolition procedures. Using FLUKA Monte Carlo simulations and
laboratory-based gamma and beta spectrometry, the activity of long-lived radionuclides, particularly 5°Fe, was
evaluated across multiple wall depths. Results demonstrated that residual activity was primarily confined to the
top 5 cm of the wall, with some samples exceeding the Italian clearance level of 1 Bq g’1 for 5°Fe. Occupational

exposure to demolition staff was assessed via external dosimeters and internal contamination checks, with all
values reported below regulatory limits. These findings confirm that while personnel are not at radiological risk,
certain components and wall materials must be classified as low-level radioactive waste (LLRW) and require

long-term storage.

1. Introduction

In September 2017, the 11 MeV CTI Cyclotron was shut down after
more than 12 years of continuous operation, having started in January
2005, in isotope production at the Nuclear Medicine Department of
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Ospedale San
Raffaele — Milano, Italy. The above-mentioned cyclotron was a self-
shielded, negative ion accelerator, accelerating H™ ions up to 11 MeV.
The maximum allowable current was 80 pA, while the average beam
current on target was 40 pA. The cyclotron was used mainly to produce
18r and !'C: the former by 20(p,n)!®F reaction, using a target of
commercially available 180 enriched water (180 > 94 %), and the latter
by MN(p,®)''C, using a gaseous target mixture of *N + 1 %O0,. The
production of >N (ammonia labelled with nitrogen) by means of 60
(p,®)'3N was added in the recent past. The workload of the cyclotron
over the course of its operational life could be estimated, on average,

around a value of 400 pA-h-week 1.

The increased high load clinical activity of the PET in Nuclear
Medicine Department (approximately 40 patients per day in 2015)
demanded an efficient and reliable radioisotope production system. At
the end of 2017, due to a severe damage to the RF system, it was decided,
to shut down this unit and to shift the daily production to the second
cyclotron in use at the department. At that time a foreign company who
expressed interest in acquiring the cyclotron for a complete revamping
for its further use was found. This solution has strongly simplified all the
concern related to the complete decommissioning of the cyclotron and
its components leaving us the surveillance of the wall demolition and the
moving out of the unit, after removal of its highest activated components
(target and foils).

The cyclotron component analysis confirmed the presence of gamma
and pure beta emitters, 22Na, 5*Mn, %°Co, °Zn, 297Bi, 55Fe, ®°Ni at
different values activity concentration, depending on the positioning of
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the sample point and on the alloy of the sampled part as referred in a
previous paper [1].

Several published papers report data on the activation of beam
transport components [2-6], of the cyclotron vault [7-12] or linear
accelerator [13-16], and recently data have been published related to
11 MeV [1] and 18 Mev [17] cyclotron accelerators decommissioning
with detailed results on the activation of the cyclotron.

This work is focused on the study and measurement of the activation
induced in the cyclotron vault wall object of demolition for the cyclotron
move out, in order to verify the accomplishments of the activation of the
wall rubble with the Italian clearance levels [18]. We have primarily
focused on *Fe, as we expect that long-lived pure beta emitters may
play a dominant role in assessing the demolition rubble.

In this work, the contribution of pure beta-emitting radionuclides
was measured for the first time.

2. Materials and methods

A simulation was conducted using a Monte Carlo code (FLUKA) on
the wall to be demolished for the removal of the cyclotron and its
shielding, and two sets of samples were taken as described in the
following paragraphs.

The simulation and sampling were conducted exclusively on this
wall, since it was the only one that was dismantled. The objective was to
measure the residual activity within the concrete material to appropri-
ately evaluate its disposal as radioactive waste.

2.1. FLUKA simulation

The FLUKA simulation was intended solely as a preliminary assess-
ment and not as a predictive evaluation of the actual wall radio-
activation. The purpose of the simulation was to obtain a preliminary
estimate of the activity distribution.

Given the preliminary nature of the results intended to be obtained
from the FLUKA simulation, the cyclotron was simplified by considering
only the metallic component of the magnet (yoke) (Fig. 1).

The concrete used in the simulation is a modified version of the
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PORTLAND cement (Fig. 2) from the FLUKA library. The shielding of the
cyclotron, on the other hand, consists of 60 parts by mass of the modified
PORTLAND cement, 60 parts of Sand (Fig. 2), 35 parts of Polyethylene,
and 1.5 parts of boron carbide (B4C).

The simulation was conducted using FLUKA 4-4.0 [19,20] and Flair
3.3-1 [21] and was performed with 3.3 x 10! primary protons. An 11
MeV proton beam was simulated impacting a target of HyO highly
enriched in '%0.

We used the standard defaults described under NEW-DEFAults and
JEFF-3.3 as neutron library.

The activity produced in the regions of interest was estimated using
the RESNUCLE; card in FLUKA. The results were then normalized based
on the cyclotron beam current and operational time. Starting from the
simulated production activity, the expected activity at the day of the
experimental measurement was calculated by accounting for the decay
time.

Neutron distribution simulations were performed using the USRBIN
card. A Cartesian mesh with spatial steps of Ax =1 cm, Ay = Az = 3 cm
was defined to score neutron fluence in the wall region.

The statistical uncertainties of calculation results were estimated by
FLUKA by doing calculations in several batches and computing the
standard deviation of the mean (we ran 11 cycles of 10'° primaries each
in 3 spawns).

To enhance statistical precision in regions of interest for radionuclide
production, importance biasing was applied using the BIASING card in
FLUKA. Higher importance values were assigned to specific regions to
increase particle tracking and interaction sampling in areas where
activation estimates were required. This variance reduction technique
significantly improved the efficiency of the simulation without
compromising accuracy.

The simulation was performed using FLUKA installed on Ubuntu
within a Windows 11 pro machine using the Windows Subsystem for
Linux (WSL). The system was equipped with a 13th Gen Intel® Core™
i7-13800H processor running at 2.50 GHz and 64 GB of installed RAM
and the average CPU time used to follow a primary particle was 3.8 x
107%s.

The number of the produced *°Fe radionuclides per primary proton

3o z

Fig. 1. Schematic representation of the cyclotron (brown), the shielding (violet) and the room. All dimensions are expressed in cm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Composition of the modified PORTLAND cement and of the Sand used in the FLUKA simulation.
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Mix: Mass v Elements: 16..18 v
M1: HYDROGEN v f2: 0.001 M2: CARBON v
M3: OXYGEN v 4. 0.016 M4: SODIUM v
M5: MAGNESIU v f6: 0.033872 M6: ALUMINUM w»
M7: SILICON v f8: 0.013 M&: POTASSIU v
M9: CALCIUM v f10: 0.014 M10: IRON v
M11: EUROPIUM v f12: 1.29e-05 M12: COBALT v
M13: TANTALUM v f14: 1.25e-06 M14: CESIUM »
M15: SCANDIUM v f16: M16: ¥
M17: v f18: M18: ¥
Mix: Atom v Elements: 10..12 v
M1: HYDROGEN ¥ f2: 0.004874 M2: CARBON v
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M5: ALUMINUM ¥ f6: 0.226483 M&: SILICON v
M7: POTASSIU ¥ f8: 0.004874 Ma: CALCIUM v
M39: IRON ¥ f10: M10: v
M11: v f12: M12: v

was simulated in four regions (Fig. 3) at different depths (0-5 cm, 5-10
cm, 10-15 ¢m, 15-20 cm, 20-25 c¢m, 25-30 cm, 30-40 cm, and 40-60
cm): the formation of °°Fe was assessed in each of these layers.

The number of neutrons per primary proton (Fig. 3) is representative
of the radioactivation caused by the neutrons within the wall.

2.2. Sampling and measurements

Two rounds of sampling and measurements have been taken at 9 and
20 points on a square 3 x 3 m°® in the demolition area.

In the first phase, the analysis has been carried out sampling the
concrete powder of a 30 cm depth drilling with a drill bit on nine
sampling points (ID 1old-90ld) and on a net as Fig. 4.

Fig. 3. Position of simulated sampling points in the wall adjacent to the self-shielded cyclotron and neutron flux per primary proton. All dimensions are expressed

in cm.
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Fig. 4. First round sampling points.

The nine samples were firstly characterized by gamma spectrometry
with HPGe and then a characterization by beta spectrometry of >°Fe 5Ni
and 3H was performed.

The gamma spectrometry was carried out using high-resolution High
Purity Germanium (HPGe) detector (EG&G Ortec, 15 % relative effi-
ciency, FWHM = 2.2 keV at 1.33 MeV) without any chemical processing.

The samples received were already in the form of a homogeneous
powder inside 1 L Marinelli containers, ready to be measured in the
correct geometry. The detector was calibrated with a certified liquid
source of '>2Eu (CIS-DIAGNOSTICI S.P.A.) with an activity of 37 kBq +
3.0 % as of 01/01/1995, using the same geometry as the samples. The
low activity of the 1525y calibration source (~10 kBq), combined with
moderate detector efficiency (15 %) and absence of sum peaks (e.g. 465
keV) in the spectrum, indicates that coincidence summing effects are
negligible.

The measurement results were first corrected by subtracting the
natural background counts and then adjusted for self-attenuation. In
fact, in this study, calibration was performed using aqueous solutions
(density ~ 1.0 g cm™3), which are typically considered weakly attenu-
ating media for gamma radiation, especially at medium to high energies.
However, the analysed samples consist of cementitious material with a
density of 2.8 g cm ™. Due to this higher density and potentially higher
atomic number elements, these materials present increased photon
attenuation. To account for this discrepancy, the spectrum analysis
program (GammaVision, EG&G Ortec) provides a correction for self-
absorption.

The results are reported with their respective errors, obtained
through error propagation, considering uncertainties related to the
calibration source, counting statistics (uncertainties on the net peak
area), and the subtracted natural background.

Radiochemical separations were performed following analytical
methods accredited by the laboratory. The procedures were based on
Eichrom methodologies: Method No. FEWO01, Analytical Procedure,
Revision 1.1, May 1, 2014 [22] and Method No. NIWO01, Analytical
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Procedure, Revision 1.3, May 1, 2014 [23].

Sample dissolution was carried out using a microwave mineraliza-
tion system: to obtain a suitable sample for LSC analysis the concrete
samples were dissolved in an acidic mixture of HNOg, HCI, and H3PO4 by
a digestion process in a digestion system (Milestone Ethos UP), with the
addition of a small amount of hydrofluoric acid (HF) to enhance the
digestion process.

The dissolved sample was then dried on a heating plate for three
times adding a few amounts of HCl. The final sample (a solution 1 M
HC]) is then counted in LSC for the gross beta measurement.

For the determination of >°Fe and ®°Ni, a known quantity of the
sample was transferred in a beaker, together with a known quantity of
stable Carrier (Fe(NO3)3-9H,0 and (Ni(NO3),-6H50). The obtained
sample was then centrifuged and chemical separation of >°Fe was per-
formed by means of TRU Resin (Triskem). The liquid discharged from
TRU resin was evaporated and dissolved in a solution of Nitric Acid and
Ammonium Citrate. The separation of *Ni was performed by NI-Resin
(Triskem). In both the radiochemical separation for 55Fe and ®°Ni the
final solution was HNO3 2 M.

Chemical recovery was assessed during the accreditation of the
analytical methods, confirming a consistent recovery of approximately
90 % for both >°Fe and ®3Ni under the conditions considered. As pre-
scribed by the method, a control sample spiked with known activities of
S5Fe and %3Ni was included in each analytical batch to verify that the
chemical recovery remained within the expected range.

Then, the separated radionuclides were measured by liquid scintil-
lation counting (LSC).

Instead, the characterization of H was done by a controlled com-
bustion process of a known quantity of the sample in a tube furnace
(Carbolite GERO) with a constant flux of oxygen. A small amount of the
sample was put in the furnace and then heated at 1000 °C for 2 h. The
stripped 3H, in form of gaseous *H,0 was trapped in a recovery solution
of Nitric acid 0.1 M and an aliquot of this solution was measured by LSC.

Chemical recovery was quantified based on analysis of a matrix-
matched sample spiked with a certified tritium (3H) standard.

The liquid scintillation measurement was performed using a Quan-
tulus GCT-6220 (PerkinElmer). The efficiency calibration of this in-
strument was carried out by counting a quench curve for each of the
three radionuclides, which allows to calculate the efficiency value for
each sample (according to the Perkin Elmer tSIE value). The quench
curve was made using a DAKKS certified solution by Eckert&Ziegler. The
used analysis windows have been 0-6 keV for >°Fe, 0-66 keV for 3Ni
and 0-18 keV for >H.

In a second phase the wall surface has been divided in a non-
equispatial net (Fig. 5) with the most sampling concentrated in ac-
cording to the FLUKA simulation and previous radiological
characterization.

Samples, named 1-20 were taken by means of core drilling tech-
niques (Fig. 6), to obtain samples related to different depth.

The 20 samples were first measured by means of gross beta (0-2000
keV) without chemical separation.

A blank sample, collected at the same site and chemically identical to
the sample matrix, was prepared and processed following the same
protocol as the analytical samples. Measurements were performed using
LSC under identical conditions and counting times. The counts per
minute (CPM) obtained from the blank was subtracted from the CPM of
each sample to correct for background contributions.

This approach is a faster and economic way to verify the presence of
beta emitters, and the results obtained from this screening can be
correlated with a probable presence of >°Fe, the only beta emitter that
shows great activity concentration. However, this first step needs to be
intended as a prior screening measure to verify the presence of radio-
activity. It cannot be used to obtain the exact activity concentration of
beta nuclides in the samples, because it is impossible to discriminate
signals coming from different nuclides without performing a radio-
chemical separation.
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Fig. 5. Schematic representation and real outline of second sampling net.

0

Fig. 6. Sampling and sampled concrete cores.

The Minimum Detectable Counts per second (MDC) of this gross-beta
analysis has been 0.02 cps g~ .

In the samples with gross beta activity concentration greater than the
MDG, the described above chemical separation of >°Fe was performed.

2.3. Environmental and staff radioprotection and safety

Concerning environmental and staff radioprotection and safety, the
decommissioning procedures were scheduled as shown in Table 1 [24].

This schedule calls for the preliminary dismantling of the easiest (in
terms of the dismantling process) and hottest components (i.e., targets
and vacuum Pumps) from the cyclotron after a brief waiting period after
the last beam (Phase 1). The second step was to collect samples from the
lateral wall of the cyclotron room by means of core drilling techniques.
Finally, before the start of demolition operations a complete training
program concerning the safety rules and procedures to be followed
during the operation was carried out by the Radiation Protection Expert.
In particular, as the demolition could represent a risk for inhalation of
activated powders coming from the concrete, the main prescriptions

Table 1
Decommissioning and sampling program.
Phase Days after shutdown Operations
#
0 Day 0 (09/09/2016) Cyclotron shutdown
1 Day 30 Dismantling targets, vacuum pumps and
cyclotron power supply by Hospital Engineers
staff
2 Day 2800 (7 years Samples taken from the wall by means of drilling
and 8 months) in selected points
3 Day 2860 (7 years Training course for demolition workers, wall

and 10 months) demolition and cyclotron move out

regarding this operation were (i) that operating personnel were
instructed to wear FFP3 masks and sealed suits to prevent radioactive
dust inhalation and (ii) the use of a suitable drilling tool equipped with a
vacuum pump and a dust collection tank was mandatory.

The Medical Physics Department staff supervised all phases of the
decommissioning, and collected radiation exposure data for both the
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environment and the operating personnel:

e dose and dose-rate values in the operating room were measured
using an organic scintillator probe (AUTOMESS 6150 ADB, ZnS-
coated) for the real time measurement of the local background
(minimum sensitivity 50 nSv h’l, s.d. < 15 %);

daily surface contamination tests on various employed tools (e.g.,
hammers, drills) as well as external (clothing) and internal (urine
samples, spit and nasal mucus) tests for personnel were performed as
described in [25], and measured by means of LSC or Nal gamma
counter (LKB Wallac energy resolution = 8.4 keV and efficiency = 9
% at 661 keV of 1%7Cs).

3. Results and discussion
3.1. Concrete wall results

3.1.1. FLUKA simulations

Using the FLUKA simulation, the results presented in Fig. 7 were
obtained. The simulation demonstrates that the highest activity is found
in the top layer (0-5 cm), with approximately 99 % of the total activity
concentration confined to the first 40 cm, and beyond this depth, the
55Fe activity falls below 1 Bq g’1 (Italian clearance level [18]).

3.1.2. Experimental measurements

Measurements of gamma emitters were conducted on concrete wall
samples extracted from nine points arranged in a 3 x 3 m? grid within the
demolition area (Fig. 4), reaching a depth of up to 30 cm.

The results of these first nine samples are reported in Table 2.

Beta spectrometry analysis using liquid scintillation was performed
on the same samples (Table 3).
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Samples 7old, 8old, 9old, located in the lower part of the concrete
wall, show >°Fe activity concentrations three and four times above the
clearance level (1 Bq g71). In these samples only >°Fe was found above
the clearance level, °*Ni has only a point slightly above clearance, that is
statistically unsignificant; others beta emitters were found only in traces.

In samples 1old to 60ld, only ®*Ni was detected with activity con-
centrations consistently above the minimum detectable activity (MDA),
although well below the clearance level. Neither °°Fe nor *H were
detected in these samples, with values remaining below the detection
thresholds (Fig. 8).

Therefore, it was decided to carry out an additional 20 samplings
(Fig. 5) with focus on middle and lower part of the wall and to divide
each sample into 3 layers (A-layer, 0-5 cm; B-layer, 5-30 cm; C-layer,
>30 cm).

First, a screening measurement of total activity for beta-emitting
radionuclides (gross-beta measurement) was conducted on these new
samples (Fig. 9).

Instead, in the layer 0-5 cm (named A-layer) analysis show the most
presence of activity concentration with values above the gross-beta MDC
(0.02 cps g 1): as expected, most samples with high activity concen-
tration (from 15 to 20, see Fig. 5) were in the middle-lower side of the
wall.

Other net signals were found in layer A (1, 3, 5, 10, and 13) and layer
B (12, 16, 17, 18, and 19) too.

To confirm the screening measures, on samples with activity con-
centration above the MDC, the quantification of >°Fe was performed
(Table 4).

No >°Fe signal was found in samples taken at a depth greater than 5
cm (named B-layer and C-layer). Instead, in the layer 0-5 cm (named A-
layer) the activity concentration of *°Fe is below the clearance level in
samples 1, 3, 5, 10, 13, and 17 and above the clearance level in samples
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Fig. 7. *°Fe distribution in the simulated samples and layers. The green dashed line represents the clearance level for Italian legislation (1 Bq-g~'). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 2

Radioactivity concentration of the gamma emitter radionuclides in concrete wall sampling 1old-9old. Where characteristic gamma emissions are not evident, the value of the Minimum Detectable Activity (<MDA) has
been indicated.

Radioactivity concentration

°ID 32 NUSUDIA °S

(Bag ™"

lold 2old 3old 4old 5old 60ld 7old 8old 9old

80Co <6 x107° 26 x 107° £ 11 x 21 x 107° £ 10 x 27 x 107+ 9 x <7 x107° 21 x107°+8x107° 13 x107°+6 x 33 x107°+12 x 24 x107° £ 11 x

10°° 10°° 107° 10°° 107° 10°°

134cs <5x107° <7 x107° <6 x 107> <6 x107° <5x107° <5x107° <5x107° <5x107° <5x107°

137¢s 45 x 107° 47 x 55 x 107°+£9 x 58 x 107° + 8 x 16 x 1075+ 7 x 70 x 1075+ 6 x 107° <6 x107° <6 x107° <6 x107° <6 x 107°
10°° 10°° 10°° 107°

152gy <3x107* <4 x107* <4x107* <4 x107* <3x107* <3x107* <3x107* <3x107* <3x107*

154gy <2x107* <3x107* <2x107* <2x107* <2x107* <2x107* <2x107* <2x107* <2x107*

g 48 x 1072 £ 3 x 68 x 1072+ 4 x 66 x 1072 + 3 x 52x 1072+ 3 x 42x10242x102 43x1024+2x1072 49 x 1072 + 3 x 28x10242x102 44x102+£2x1072
1072 1072 1072 1072 1072

2l4pp 37 x 107 £ 3 x 63 x 1072 +£5 x 62 x 1072+ 5 x 40 x 1073 £ 3 x 27x10°%+2x10% 27 x10°%+2x1072 35 x 1072 + 3 x 28x10°%4+2x10%  182x103+£1.3x
1073 1073 1073 1073 1073 1073

214gj 30 x 1073 +£2 x 49 x 103 +£3 x 49 x 1072+ 3 x 31 x 1073 +£2 x 20.8 x 1073 + 1.4 x 21.2 x 1073+ 1.4 x 28 x 1072 £ 2 x 21.0 x 1073 £ 1.3 x 15.1 x 1072 £ 0.9 x
1073 1073 1073 1072 1073 1072 1073 1073 1073

228p¢ 30 x 1072+ 2 x 55 x 1073+ 4 x 55 x 107> + 3 x 34 x1073+£2x 20.3 x 1073+ 1.3 x 22.1 x 1072+ 1.4 x 29 x 1072+ 2 x 19.2 x 1073 +£ 0.9 x 15.8 x 107 + 0.8 x
1073 1073 1073 1073 1073 1073 1073 1073 1073

212py, 44 x 1072 + 4 x 81 x1073+£7 x 79 x 1072 £ 7 x 51 x 1072+ 4 x 31x10°%+3x10°% 34x10°%+3x1072 44 x 107° + 4 x 31x10%+3x10°% 20x10°%+2x107°
1073 1073 1073 1073 1073

235y 22 x107% £ 2 x 45 x 107 £ 5 x 35x107%+£5 x 44 x 1074 £ 2 x 17x107%+2x107% 19x10*+2x107* 21 x 1074 £ 2 x 18x107*+2x10* 7x10*+1x107*
107* 1074 1074 107* 1074

226Ra 28 x 1073 £ 11 x 49 x 1073+ 7 x 48 x 107 + 8 x 30 x 1073 +£7 x 22x10°%+4x10°% 29x10°%+5x1072 26 x 1072 £ 5 x 24x10°%4+7x10% 23x10%+£7x1073
1073 1073 1073 1073 1073

2087] 116 x 104 + 8 x 207 x 107% + 14 x 201 x 10°* + 14 x 121 x 1074+ 8 x 72x10°*+5%x10* 80x10*+6x107* 104 x 1074+ 7 x 72x107*+5%x10* 54x10*+4x107*
107* 1074 107* 1074 107*

2124 33x 1072+ 2 x 61 x 1073+ 4 x 64 x 107 + 4 x 40 x 1073 £ 3 x 25%x10°%+2x10% 28x10°%+2x1073 33x 1072+ 2 x 22x10°%+2x10% 20x10%+£2x1073
103 103 1073 1073 1073

Z4Th 2.9 x 1072+ 0.3 x 4.4x10724+0.5 x 46 x10724+0.4 x 3.4x102+0.4 x 2.1 x107240.4 x 2.4 x 10724+ 0.4 x 20x10724+1.2 x 3.1 x10724+0.5 x <7 x 1078
1072 1072 1072 1072 1072 1072 1072 1072

090S01 (5202) 9€T DIAPIN DIASAYd



S. Manenti et al.

Table 3
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Radioactivity concentration of the beta emitter radionuclides in concrete wall sampling 10ld-9old.

Activity concentration

(Bqg ™M

lold 2o0ld 3old 4old

5old 60ld 7o0ld 8old 9old

S5Fe <0.7 <0.6 <0.7 <0.9
63Ni 0.37 £ 0.11 0.40 + 0.12 0.42 +0.13 0.31 +0.10
5H <0.03 <0.03 <0.03 <0.03

0.22 + 0.07
0.10 £ 0.03 <0.03 <0.03 <0.06 <0.06

<0.9 <0.7
0.09 + 0.04

2.72 + 0.66
0.20 + 0.07

4.64 + 0.86
0.55 +0.17

4.46 + 0.78
1.7 £ 05

\ —°H
---- blank

CPM

—5%Fe
---- blank

=
w
1

— &Ni
---- blank

0.4

CPM

A " "
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0.5 5 50 500
energy (keV)

Fig. 8. Beta spectra for °H, >°Fe, and ®®*Ni from sample 3old.

15, 16, 18, 19, and 20 with maximum value of around 10 Bq g’1 (15-A
and 20-A).

The net signal shown by the beta-gross screening in the B-Layer is
probably due to interferences caused by other beta emitter radionuclides
such “°K, uranium series beta emitters, thorium series beta emitters, by
the potential presence of 59/63Ni or other phenomena such chem-
iluminescence effects.

The compatibility between FLUKA simulations and experimental
measurements, each with associated uncertainties, was assessed using
normalized deviations and a chi-squared test. For all data pairs, the
normalized differences were within +2, indicating individual compati-
bility. The global agreement was evaluated using the chi-squared sta-
tistic. With 4 degrees of freedom, y* = 8.12 and a p-value of 0.087. Since
the p-value exceeds the commonly accepted threshold of 0.05, we
conclude that there is no statistically significant incompatibility be-
tween the two datasets.

It can be concluded that the presence of >°Fe is detectable only in the

A-Layer (0-5 cm) with the highest concentration in the lower part of the
wall.

3.1.3. Demolition staff external doses and intake results
The last subject explored in both predictive and post-operational
mode was the dose to personnel involved in the wall demolition.

3.1.3.1. Preventive checks. The measured dose rates on both sides of the
operational area (inside the cyclotron vault and outside in the corridor
zone) confirm a value comparable to the background (0.15 uSv h_l).

Therefore, the Radiation Safety Officer predicted a null value both
for the external exposure and for the contamination dose of the involved
staff.

Nevertheless, each member of the staff was equipped with a sealed
suit and filtered mask (FFP3) during operations and a personal elec-
tronic dosemeter (Rados, mod. Rad60).

3.1.3.2. Post operational results. The demolition of the part of the wall
(60 cm thick, 250 x 250 cm? brick) needed for the extraction of the
cyclotron, took seven working days and was carried out by a team of
three bricklayers equipped with water-cooled pneumatic hammers
(Fig. 10).

Daily the individual external doses were measured by means of
electronic personal dosimeters and the internal contamination of the
staff was analysed collecting nasal mucus and saliva samples by means
of beta counter Perkin ElmerTricarb 2810 TR 35366 with a sampling
volume of 5 ml filled with 3 cc of scintillation liquid, calibrated at ’H
energy with an MDA value equal to 0.7 Bq ml~}, absolute efficiency 18
%, in a counting time of 3 min. All the collected samples, taken at the
end of every working day at the bricklayers’ staff, have not revealed
values above the background (average 2.2 CPM, standard deviation 1.2
CPM).

Nevertheless, the inhaled amount of °°Fe corresponding to a
committed dose of 1 pSv would be 1.087 x 10° Bq [26]. Considering that
in our concrete we should have a concentration value of the order of 1

SR =
i >30 cm (C-layer) T -
0.8-
0.6 7
(%]
% B -
0.4-
0.2-
0.0
1]2]3]4]s]6[7]8]9]t0f11]12]13[14]15]16]17]18]19]20

Fig. 9. Gross-beta measurement for all the samples and layers.
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Table 4
5SFe activity concentration.
Sample ID 5SFe
(Bag ™)
1 — A 0.4 +0.2
3 - A 0.4 + 0.2
5 - A <0.2
10 — A 0.20 £ 0.16
12 — B <0.2
13 - A 0.7 +£ 0.2
15 - A 10.6 £1.0
16 — A 24+04
16 — B <0.2
17 - A 0.7 £ 0.2
17 — B <0.2
18 - A 3.3+0.5
18 - B <0.2
19 - A 4.0 +0.7
19 — B <0.2
20 - A 10.4 £ 1.4

Fig. 10. The demolition of the wall.

Bq g~ ! it would correspond to an inhalation amount of 1 kg of powders
with a mucosa deposition of 0.38 kg [26] that is roughly 400 Bq.
Therefore, we can assess that the sensitivity of the measure with an MDA
of 0.7 Bq ml ™! is appropriate for the detection limit of an intake corre-
sponding to an effective committed dose of 1 pSv. Both types of mea-
surements brought null value for all the members of the staff throughout
the entire period of operation.

4. Conclusions

The decommissioning of the 11 MeV self-shielded cyclotron was
executed with a methodical and multidisciplinary approach, combining
computational modelling, laboratory validation, and stringent radio-
protection protocols. FLUKA simulations predicted a clear depth-
dependent distribution of neutron-induced activation, a result that
was corroborated by direct experimental measurements. Specifically,
the simulations and measurements identified >°Fe as the dominant long-
lived activation product, with significant activity concentrations local-
ized within the first 5 cm of the surface layer of the cyclotron vault wall,
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especially in its lower sections.

The effective implementation of radiochemical separation tech-
niques and low-level beta liquid scintillation spectrometry enabled
precise quantification of >°Fe and ®3Ni, ensuring that assessments
adhered to Italian clearance levels. Notably, several wall sections
exceeded the national regulatory threshold for ®°Fe and ®3Ni, under-
scoring the need for partial classification as radioactive waste. However,
in comparison with clearance thresholds set by other European [27]
regulations (e.g., French [28], Spanish [29], German [30,31]), these
values remain well within acceptable margins, suggesting a potentially
more flexible waste categorization under different regulatory contexts.

From a radioprotection standpoint, the operations were managed
with exemplary safety procedures. Personnel involved in the demolition
were equipped with protective suits, filtered masks, and personal do-
simeters. Both external dose measurements and internal contamination
checks returned values below the limits of detection, validating the ef-
ficacy of the protective measures and confirming that the operation
posed negligible health risk to staff.

In conclusion, this work demonstrates the critical importance of
coupling predictive simulation with empirical validation in radiation
safety management. The careful planning and execution of the decom-
missioning ensured regulatory compliance and minimized environ-
mental and occupational hazards. The findings also contribute valuable
data to the growing body of literature on the activation of cyclotron
vault materials, aiding future decommissioning projects in both medical
and research contexts. The identified presence of long-lived radionu-
clides necessitates continued attention to waste classification and long-
term storage protocols, ensuring safety not just during decommission-
ing, but also throughout the lifecycle of waste management.
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