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Research activities and main results
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The advent of Protontherapy in Spain
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Origin and challenges of radioprotection in proton centers

Proton interactions = Neutron Fields
Neutron interactions - Impact in facility

« Elastic scattering X (n,n) X
X (n,n) X
AX (n,y) A*1X

For high-energy neutrons (> 8 MeV), reactions such
as (n,2n) or (n,n+p) are possible

* Inelastic scattering
* Radiative capture

Each isotope exhibits its own cross section.

* Inelastic collisions (spallation processes)
* Neutron capture (n, y)

Material in walls What type of concrete is the best
option for CPTC shielding and barriers -
Shielding, decommissioning and
radioprotection

 Geometric and constructive factors
* New Materials
* New nuclear data libraries

Elements of the facility (accelerator, beam
components) - Long term decommissioning,
release strategy and personal radioprotection

Air_and water_activation (cooling, others and
ground water) -> Release strategy and personal
radioprotection
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Research Project

Parte 1 Parte 2

Et

Comunidad de Madrid

: : Parte 3
Modelos de CPTC con Medidas experimentales en

Doctorado Industrial MCNP6 CPTC

de la Comunidad de
. o s ( .
Madrld, n 1. Materiales y 1. Caracterizacién de REM- — i';:iczrr?:lzzaaogo(:etria
1 geomet”’a metros Yy espectrc’)metros . y g

IND2017/AMB-7797
UPM - Bioterra, SL

Analisis de sensibilidad

- _[ ] 2. Comparacién de Modelos |

p 2. Medidas experlmente.lles en fisicos
centros de protonterapia L

2. Fuentes de

radiacion 3. Ampliacién d it | |3. Comparaci6n de REM-
~ N mpliacion de moni ort?s Y metros y detectores
sistemas de espectrometria L

s

3. Carga de trabajo

|

. Proyecto de investigacion, colaboracion empresa/organismo investigacion: Contribuciones a la proteccion radioldgica
operacional y dosimetria de neutrones en CPTC.

. Primera etapa (financiacion): 3 anos (Feb. 2018 — Enero 2021) Investigacién + Adquision y ampliacién de equipos
. 3TFGs + 5TFMs + 2 TDs

. Objetivos: PT fuente continua de innovaciones. Impacto de los avances en PT en la PR de estos centros.
Desarrollo de metodologias para analizar la proteccion radiolégica operacional, dosimetria de neutrones,
eficiencia de los blindajes, dosimetria personal.
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Purpose

Commissioning of proton centers: encompass radiation protection aspects

Operational radiation protection (RP): staff and general public. Shielding and barriers,
activation, monitoring (personal dose, ambient equivalent dose...)

Compact proton therapy centers: CPTC (small size, 1 or 2 treatment rooms)

Impact of developments in proton therapy on operational radiation protection

Trends | Conventional_@

NF" Design ' 1

o Bl 22m

1. Compact and standard facilities
2 Small size accelerators

3. New delivery modes
4

Changes in regulations g Sl
o0 Footprint
Space and Cost-Optimized and

Simplified Beam Transport
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RP in proton centers: Starting Point

 Factors of use and mix operation

450 patients/year, 17.000 sessions, 2 Gy/patient
Patient-case indications RN
( \

» Regulatory limits \ A

General Public, 1 mSv/year (Spain)

Exposed workers, 20 mSv/year (Spain)

Instantaneous dose rate, IDR, hourly: 10 uSv/h (Spain)
» Occupancy factors (T) - IAEA, 2006
Types of beam: Clinic, Q&A, Maintenance

ICNIPE

Dose Rates: year, hour, instantaneous, facility

Conservative magnitudes - Ambient Dose Equivalent, H*(10) (Hp*(10))

Compositions (nuclides) - Interactions — Workload = Delivery mode
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Design barriers and shielding against neutron and gamma radiation

5140

12800

Ambient Dose Equivalent

0 20 50 70 100 %0 160 150 2000 280 2500 2150 300 H'(10) (uSviyear)
PRI T B S = 0 o R

1250 1 | T 120 <400

<1000 Legal Limit

Main interaction of protons in Synchrocyclotron =000

<100000

< 1000000

Accelerator (SC) 230
> 1000000 |

Acelralor uam . Degrader (ESS) 230 25% Cc
; 4 Collimator (ESS) 70-230 44% Ta
Divergence Slits 70-230 5% Ni

HEBT Corridor

Divergence Momentum 70-230 1% Ni
Patient-Phantom 70-230 100% Tissue
M. t i

chrotron (SC
[ FElement | Energy (MeV) | % Losses | Material |
7.5 60% Fe, Cu

I 70-230 1 i

{Treatment room 2
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Design barriers and shielding against neutron and gamma radiation

Checking the shielding of compact centers

- - i i i - il
Synchro ron - Annual Dose - H*(10) - v :.:s:l‘all (w-a) bient Dose Equivalent H*(10) - Behind enclusummu
o - . |
1000
L+
[ — —
500 -|
800 ‘E 100,00
< 600 - g
i
g 500 1 a2 38 =
2 4o | @ a2 e ;
300 w4 = / ~=
< /[ aceterator - nx o
200 168 3 [ | -essoan -
13 - Pl ol I p—
] ] [ i SR =
] « Phantom - M1 -
o - 5 // 4 |
walls-a  WallSg  WallEe  WallEm  WallNg  WallN-a Roof R Roof g Roof R-m B R e
(2.8m) (2m)  (L812m) (182.4) (zm) (2.8 m) (25m) (1.9 m} {1m) _— /
100 1w me e we e em  m  sw  sw ime b ime 1w e
Enclosure Distance ¥ fem)
Synchrotrof - North Wall (N-h + N-a) )ﬂhl—m Dose Equivalent H=(10) - Behind enclosure
rotron nua
100000
1000
D
e — |
800 - z 100,00
700 %
= o0 - 5
3 = o000
5 soo | P 73 aan g
a0z
400 L
k- ..
@ 300 - 283 5
S 200 = = 2*
126
" [ ‘""
o |
WallSg ‘Wall $-m Walls-a WallE-a ‘Wall N-h ‘Wall w-g Roof R-a Roof R-g ‘Roof R-h
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MC methods

Thickness
proposed by
vendors

Both facilities always below
international legal limits
(1 mSyv, general public)

Synchrocyclotron
One treatment room
360 m? footprint
2.8 m thickness in main
barriers

Synchrotron
One treatment room
expandable
800 m? footprint
2 m thickness in main
barriers

Intercomparing
CPTC:
synchrocyclotron
vs. synchrotron

Expansion to new types of centers planned for the Public System
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Study of different materials in barriers

Attenuation plots with different o ] Comparative of several materials
Attenuation is essential but not enough

Dose in depth and length of attenuation Radionuclide Reaction channel T Portland — Activation
Enclosure around acelerator (W-a, 280 cm) Comparative Summary 16
10E
182gy 'Ey (n.y) "%Eu 13.33y

s TSEy "SEu (n,y) "*Eu 88y
5 g s (ny) *Cs 206y
S 10805 134 134,
- Ba (n,p) ~Cs Lacz
B e 8Co %Co (n,y) ®Co 53y
2 E 3¢ 3¢ (n,y) *°Sc 83d
Efg T 1334 32Ba (n,y) "**Ba 105y

2

H SMn 5Mn (n,2n) *Mn 3124
£ rome | R 5Fe (n,p) **Mn
5 Hormirad
£ e “Na *Na (n,2n) *Na 26y

rosmn | 27Al (n,2p4n) 2Na

—iac2 157cs 1%Ba (n,y) *"™Ba — "¥'Cs 30y act Colemanite
R e P 7Ba (n,p) 137Cs
Depth (cm)

Attenuation Activation Building Global Result
Portland 1 1 1 1,00
Hormirad 1,24 0,72 042 0,91
Colemanite 1,45 0,68 0,33 0,98
LAC 1 0,85 1,38 0,55 0,91
LAG 2 0,8 1,42 0,63 0,91

Compromise between attenuation, activation in components, and cost of building
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Impact of radiation on environment inside and around CPTC

Neutron capture in 4%Ar: 40Ar(n,y)*'Ar (Cross section 4%Ar, o = 610 mb)
Spallation processes on *N and %O atoms, with neutrons above 20 MeV of energy
Air renewal rate, r (r > 6 RPH, A ¢..i0= AT ), underpressure, treatment and humidity

Spallation processes on O atoms, with neutrons above 20 MeV of energy

Productions of same radionuclides as air, except 4'Ar:

Long-lived isotopes: 3H and "Be

Spallation processes with high energy neutrons (En>20 MeV) in Oxygene
(*0)

Target Reaction Cross section Nuclide Half-life
yielded
T80 (N xFH 3 123y
18 10{nx)'Be EL
T TN x)"'C 204 m
o oM x)"N 118 m
180 n.x)"™0 24 m

[~ Spallation processes with high energy neutrons (En>20 MeV] in Nitrogen |

Reaction

Cross section

Nuclide Half-life

. . ielded
Short-lived isotopes: 11C, 13N, 150, 140, 18F ™ “HinxpH " 3y
N Nnx 533d
] (NN 118 m
Spallation, (n,x), and neutron capture, (n,y), processes
Nuctide Hatt-lte Reaction Isotopes  Half-life Parent Reaction Reaction Product Half-life
134Cs. 2.06 year 133Cs(n,y)'*Cs
Long-lives isotopes P o S3years “Cu 127hours
. . . F: “ dzyss Fet:/'F: 5’Co 271 days @
yielded directly with protons - . P ®Co  53years
54Fe(n,p)>*Mn
_ ?Zij S sz B
Many equipment and elements oy . e ' 5 fours
. . na 6 year “iainzn)hia ZNa  26years ’ 87n 244 days
of the facility with natural Cu -
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Impact of neutrons in the environment of compact facilities

Air and water activation (cooling, others and ground water) >

dN’
—— = N®g — AN’
dt

Release strategy and personal radioprotection
v/ Activity build-up during irradiation
= Number of target nuclei N
= Neutron flux @

Materials in soil (characterizing the soil before building) > - Reaction cross section o

v/ And decay of the produced radionuclides
Decommissioning and radioprotection = Decay constant A
Elements of the facility (accelerator, beam components) > %r = [ @(E)po(E)dE

Long term decommissioning, release strategy and
personal radioprotection
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Evaluation of effects

Air activation in CPTC (example)

27425

30425

s
{ [ z‘ g
o 5
1 %
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{8 =8 ol |
000 == | GTR (862 m3
6450 l 10000 5175
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H 5 : T 3 3
i il i
X : Sg
South Wall (5)
10.0.0) I 11400 [emer) 3350 3000

Monte Carlo methods

Yearly effective doses and activity
concentration limits from activated air

 Air renewal minimum: 6 CPH
(each 10 minutes)

* No decay and no dilution
considered (worst scenario)

109 stories
Statistical uncertainty < 5%

Nuclear models (E>150 MeV)
INC > CEMO03.03
EVM > GEM

Nuclear data:
ENDF/B (version VII.1)
JEFF (version 3.3),
TENDL 2017 and 2019

S(a,8) Model in PE and H
ENDF71SaB
(ENDF/B-VII.0)

Analytical methods

ICRP PUBLICATION 127 (2014)

AR = 33.8 Bg/m?3
GTR1=12.5Bg/m3
GTR2 =48.7 Bg/m?3

Legal limit (IAEA) = 200 Bg/m?

Analytical methods
underestimate air activities
in some nuclides

(use of averaged cross
sections)

CEIDEN-GUN Sevilla, 8-9 junio 2022
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Air activation in CPTC

Results: MC methods

. - . I . . Ehoru (ﬂ) = Asar (I) (B_g) ‘Res (m_g) ) r{i) (ﬂ) - 108
Yearly effective doses and activity concentration limits from activated air h m h bq

— Air renewal 6 x per hour (10 minutes)

— No decay and no dilution considered Ego (sz) = Enora (%) - 4800 h/afio
Room  Meekde M2 hoiiy (om0 550 “Eamy Eam
H-3 1232y 25910% 1810 5109 1.04 109
Be-7 53.22d 16410+ 4610 5 105 1.04 104
c-n 20.39 min 869 10+ 321072 2108 417 10
& N-13 9.965 min 6.09 7104 1.46 10°
0-15 122.24 sec 3.98 7104 1.46 10°
Ar-41 109.61 min 5.35 10+ 5 104 1.04 109
H-3 1232y 827103 1810 5109 1.04 108
Be-7 53.22d 704102 4610 510° 1.04 10¢
AR c-n 20.39 min 3.80 10° 32107 210° 417107
N-13 9.965 min 216 10° 7104 1.46 10°
0-15 122.24 sec 1.60 102 7104 1.46 109
Ar-41 109.61 min 891102 5 104 1.04 102

CEIDEN-GUN Sevilla, 8-9 junio 2022
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Air activation in CPTC

Mitigation strategies for air activation

Ventilation requirements to prevent that the concentration of the radioactive gases (H, 150, 3N, 4'Ar) and ozone
produced during irradiation remain below the health safety limits and the legal radioactive atmospheric release criteria

Design of Ventilation System

General
Variable flow system ventilation. During irradiation, the ventilation System must be stopped, but once it is finished, post-
irradiation air must be renewed as quickly as possible, considering the maximum speed recommended in ducts.
Decentralized ventilation circuits = )

W-a

Air renewals rate
Cyclotron room, CPH = 10/hour A = \+r §
Treatment room, CPH = 10/hour effective
Technical part gantry (gantry pit) CPH = 6/hour

11600

Est Wall (E) ‘

‘ West Wall um‘
=3

Pressure cascade (avoid a flow of air from inside to outside of the bunker)
Underpressure inside the bunker
Differential pressure between maze/treatment room (10/15 Pa) and accelerator room (< -40 Pa)
Continuous readout and checking of pressures in rooms

CEIDEN-GUN Sevilla, 8-9 junio 2022 Gonzalo Garcia (UPM) 15



Water activation in CPTC

Main results with MC

Isotope MC Result Clearance Level, Result/CL
(Bq/l) CL (1AEA, Bqg/I)
3H 9.3 10° 9.3-107
'Be 7.7 104 7.7-104

Global activity in water

<20 Bq/l Z Result/CL << 1

Self-shielding of water

Activation in metallic elements >> activation in water

Usual Range of

Detection limit

(Ba/l)

CEIDEN-GUN Sevilla, 8-9 junio 2022 Gonzalo Garcia (UPM)
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Soil activation in CPTC

Location of center: check and remove

sadionticlice REaction channel Depend on the specific location of each facility

1%2gy S'Eu (n,y) *?Eu 13.33y E o :
asy to mitigate in early stages

By "S3Eu (n,y) *Eu 8.8y y 9 y g
LGS 33¢s (ny) **Cs 2.06y . ] ] .

1383 (n,p) "*Cs Soil characterisation, with gamma spectrometry, to
Co %Co (n,y) “Co 53y know parents nuclides
3¢ 53¢ (n,y) *®Sc 83d
“Ba ““Ba (ny) Ba 105y Building material characterisation (cement. sand.
54Mn 5Mn (n,2n) **Mn 312d |

**Fe (n,p) **Mn gravel)
“Na 2Na (n,2n) *Na 26y

*’Al (n,2p4n) *Na The main concern is the migration of radionuclides
WICs '*Ba (n.y) "*'"Ba — ¥'Cs 30y with ground water

¥7Ba (n,p) 137Cs
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|File = tragk_yz.out

Soil activation in CPTC

Results: MC methods

Track Detection in xyz mesh

1000

500 +

y [cm]
L ]

=500

-1000

—1000

|sabuirted by FRITY 326

-500

i : i
Z [cm]

500

1000

1079

100

10#

el 107

]

Tﬂ”

Fhux [ 1/em*isource]

Dalr= 1153 8-Mar-2022)

emin = 0.0000E+00 [MaV]|
emax = 30000E+02 [Mev]|
xmin = -5.0000E+00 [om]

xmax = S5.0000E+04 [am)
parl. = nautron

piotted by Awigl 4.50)

No activation with soil slabs:

> 75 cm (cyclotrons)
> 50 cm (synchrotrons)

Fiberglass recommended
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Soil activation in CPTC
Mitigation strategies for soil activation

Minimal slab thickness 50 cm

Avoid water under the foundations
slab

Waterproofing sheet, expansion
joint and geotextile under
foundations to mitigate neutrons
interactions with ground water and
natural soil

Soil characterisation with gamma
spectrometry (substitution of upper
layer)

Building material characterisation
(cement, sand, gravel, ...) via
gamma spectrometry

CEIDEN-GUN Sevilla, 8-9 junio 2022 Gonzalo Garcia (UPM)
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Assessment of personal dosemeters for proton centers (Monte Carlo)

Dosemeters, active (DLD)
Dosemeters, Passive, Albedo (TLD)

Dosemeters, Passive, Track etch (CR39)

e Correction factors for electronic dosimeters up

U e e to afactor9

!:-J 3 ._g ] - — o H. ~ EL .' ,' '_ i o

) G P | = Ssg g

=1 g B [ B

WiER o | AR e Smaller corrections for track etch, and médium
o el \ g T for albedo, depending ofnthe location

Garcia-Fernandez et. al., ISSSD XX 2020

H,(10)c./H,(10) ¢ W-a inside W-a outside S-ginside S-goutside TCR

Active - DLD 84 8.9 3.2 4.7 9.6 Selection of personal neutron
Pasive - Albedo 27 15 12 18 13  dosemeter most suitable for
) CPTC
Pasive — Track 0.7 2.9 0.8 1.6 2.4
CEIDEN-GUN Sevilla, 8-9 junio 2022 Gonzalo Garcia (UPM) 20



Impact of new developments (Evolution of delivery methods)

PT.1 > Passive methods > Scattering 2 High production of secondary neutrons

2-3m

Single scattered beam

Single scattered beam \
\ 6cmd
—)
K . : max
First Scatterer

Second Scatterer

Scatterers
Range modulator
Range shifter
Collimator

Compensator

.

PT.2 9 ACtive methOdS 9 PenCiI Beam Scanning (PBS) 9 IMPT (Intensity modulated proton therapy)

2-D (X,Y) dose distribution
of each irradiated sheet

Path of proton beam in the

Protons beam with Scanning magnets
energy, E(Z) T ,—,_|_| \ Point (X,Y,2) | |i
v . -
\_‘—,—' Isocenter |

M (Y) SM2 (X)

Bargg peak of each S(glggti;?utg\a’gg Peak extend:ido
eeeeeee v Volume Trage t(PVT) fth tumour

\.h/

PT.3 2 In-development methods

Flash-therapy - Disruptive
Mini-beams

PMAT (Proton monoenergetic arc
therapy) > Adaptative

Blended modes (active+passive)

Yap et. al., 2021, Frontiers in Oncology, 11, 780025

CEIDEN-GUN Sevilla, 8-9 junio 2022

Gonzalo Garcia (UPM)

21



Impact of new delivery techniques on RP

PMAT (Experimental)

Proton Monoenergetic Arc Therapy (Dr. Carabe- Fernandez)

Dosimetric plans PMAT/IMPT

Carabe-Fernandez et al., 2020, Physics Medical and Biology, 65:165002
Bertolet and Carabe-Fernandez, 2020, Physics Medical and Biology, 65:165006

Set-up for experimental measurements, H*(10)

6 Gy
IMPT
1S4?IB7P 89 5 M V | M?dfl zsshs with Model 42-41L I
. —_ . e h : — ightweight Neutron Dose System
PMAT ) i ﬁ
Monoenergetic L\ ———
117.5 MeV N _
N TR Ny Garcia-Fernandez et. al., 2021,
L)d o e IRPA15
. .

CEIDEN-GUN Sevilla, 8-9 junio 2022
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Impact of PMAT on RP

Experimental results, H*(10)

1.8 m isocenter

1 m isocenter

Ambient Equivalent Dose H'(10) - 1 m from circular phantom (IMPT 1 field) Ambient Equivalent Dose H'(10) - 1.8 m from circular phantom (IMPT 1 field)
00
PMAT PMAT
Ambiarst Doss Equivalent Amesars Doso Equaient
H'{10) mSvm 5 HL10) mSeh

Ambient Dose Equivalent H'(10)

I 82,3
sa0 |

| oaas
o

Postion 1
(1mi07

ddddddddd

0.0
. § |
S a8 S
388
317 I e
13 — w1 17
" oo
124 132 123 - . L, “e®

00
Ponition 1 Poxtion 1 Position 4 Pasition § Postior Position Positon s
{1 m 48 {1m 48" 1 m 869 (tmi-807 o o " 2

! axis ()

Angle from irradiation axis (%)

Ambient Equivalent Dose H'(10) - 1 m from circular phantom (IMPT 3 fields)

200 00
=3 o
— | f I iient Duse Equalent
T 1010 1605 110} mSvh
S <R )
_ t 1326 1333 ¢
H . Ambsand Dose Equaient
F | [ #110) msm
b | .
FE H 00,0 +
2 1 2
3 | . ) £
E E - 3 59 557
| . “z
Ty B o ’ us w2
<« 1 )
| 193] a1
- 124 112 123 0 73 2 -
0.0 - L
o sllieT Sasition 2 Positian 3 Pasiionds UStion § Pochien § Postion Posktion Posliten ]
“Mmre y " w (1mi 909 Uy =l - mis
oot ™

Angle from irradiation axis (*)

Garcia-Fernandez et. al., 2021, IRPA15

Biological improvement, based on enhanced biological impact (therapeutic

index) better than based on increased conformity =~ Mazalet. al, 2021, Frontiers in Oncology,
Volm. 10, article 613669

PMAT could have a non-negligible reduction of secondary neutrons, with a
direct positive impact on operational radiation protection.

Simulations with MCNP6.2/GEANT4

MPTC (isochronous cyclotron)

‘ 1
| ]
| =
;' ™ ‘ Maze TCTR il WPT (1417823 WeV)
( TR1 1s
= =
FBTR 115 m2
”” |H :y..‘::‘(?/e) - PMAT (117.14 MeV)
il . ; e
i ;
e
Garcia-Fernandez et. al., 2021, IRPA15
Position | Distance MCNP6 MCNP6 | MCNP6 | Experimental
from WENDIHI Prescila H*(10) | measurements
source | Response | Response | (uSv/h) | With Prescila
(cm) (uSv/h) (uSv/h) H*(10)
(mSv/h)
1 100 89+4 8614 88+3 82+7

Differences <10%

CEIDEN-GUN Sevilla, 8-9 junio 2022 Gonzalo Garcia (UPM)
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CPTC (synchrocyclotron)

Garcia-Fernandez et. al., 2021, Applied Radiation and Isotopes, 169, 109279

Some alternatives

Parametric workload
Monte Carlo workload

Gupta et. al., POP04, PTCOG 2020 online

Simulations with Monte Carlo
Simple case with MCNP6.2® (Case 1)

Dose: 6 Gy

IMPT
SOBP
141.7 — 89.5 MeV

PMAT
Monoenergetic
117.5 MeV

Pr-FLASH

Transmission

210 MeV, 500 ms, 12 Gy/s
Stopped in water phantom
40x40x40 cm?

(behind circular phantom)

10° stories

Statistical uncertainty < 5%

Nuclear models (E>150 MeV)

INC > CEMO03.03
EVM > GEM

Nuclear data:
ENDF/B (version VII.1)
JEFF (version 3.3),
TENDL 2017 and 2019

S(a,$) Model in PE and H
ENDF71SaB
(ENDF/B-VI1.0)

Hourly Dose Rate (HDR) uSv/h
Treatment Control Room (TCR)
Occupancy factor, T=1

IMPT
5.1 uSv/h (baseline 1)

PMAT
2.3 uSv/h (0.45 under baseline)

Pr-FLASH
7.8 uSv/h (1.53 over baseline)
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Case 2: Dose rate 25 Gy/s, transmission method, 230 MeV

IDR =18 uSv/h > 10 uSv/h in some areas Dead time of radiation monitors
IDR different in different countries

3000 -

2000

X [cm]

1000

I
ymin'= -2.0000E+02 fem]
ymax = 2.0000E+02-{cm]
part. = neutron

1500 1000 500 O

Z [em]

Garcia-Fernandez et. al., 2022, In Develpment

-500

10
1018
10
107
101
101
102

(5-10 microsecond)
Underestimations

et [Frack] XY Gontour figure in the Maze

400 -

PHITS, 2021, tutorial

Another way to make more realistic assumptions

Experimental measurements to better assess the
impact of new delivery techniques in
development
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Carry-out of experimental measurements
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Wherever they come from, neutrons are a serious challenge in radioprotection

 Neutrons always together with (mostly strong) gamma fields

e Large energy range: nine orders of magnitude
e Thermal 0.025 eV to hundred of MeV

* Need to measure dose equivalent
e Weighting factor dependent on neutron energy
e Fast neutron much more harmfull than thermal neutron (per deposited energy)

o Easy detection of thermal neutrons
e Least harmfull
e Qriginal neutrons are fast

Vanhavere, P., Van Hoey, O., De Saint-Hubert, M.,
Neutron doses to patients and staff around proton therapy ii llations, SCK-CEN Pr tation, Online 2019
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Rslative Reaponsa per unit Anbient Dase Equivalent

Extended-range rem-meters

To carry out experimental measurements inside treatment rooms is necessary extended-
range rem-meters (PNF with some new delivery methods)

Outdoor is possible using conventional devices

Extended Range REM Colmlel

[Mormaiized 1o Bans #4GH)

Always it is highly recommended to support
- measurements from active equipment with reliable
data (passive monitors, Bonner spheres,...).

Rem-meters Used in Project - Dose Response
108 it oot vl it vt sl o vl sl ] /
] 2
p vl /
- = < » LUPIN
NE 14 J* * % BIOREM
5 2 1 Wendi-2
3 1024 H HYDROGEN 7
e %
:
o g /
a 5
@ E 2
o
X 0 H
o
9 w
Q —— Lupin Rem-meter
—0— Wendi Rem-meter
—A— Prescila
—v— h(E) ICRP 74 Fluence to Dose Function T
100 10 10° 10°
i T Ty S ML Bt o oI B EXPECTED H'(10) [nSv/burst]
100 109 10% 107 10® 10 104 10 102 10 10° 10" 102 10° 10¢
Fig. 7. Response of the detectors inposition L The dotted line is the bisector of the first
Neutron energy [MeV] quadrant, mpresenting the ideal linear behaviour. The uncertainties are not shown for
clarity.
Garcia-Fernandez et. al., 2019, Applied Dinar et. al., 2018, Radiation Measur ts, 117, 24-34

Radiation and Isotopes, 152, 105-126 Caresana et. al., 2014, NIM, 1737, 203-213

Manessi, G.P., 2015, DT, University of Liverpool
No dead time

Low sensitivity (increasing time of
exposition)
. Insensitive to photons
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Extended-Range Passive Neutron Monitor (ERPNM)

Calibration an assessment (Primer)

Simulations:
UPM
Roberto Garcia-Baonza

Gamma calibration:

Ciemat (A. Romero)

Neutron calibration:

Ciemat (R. Mendez)

Assessment:

CNA

(Carlos Guerrero
Begofia Fernandez)
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Another passive equipments/analysis at LMN-UPM

0.5
Extended Bonner Spheres Spectrometer — s
—— SPHERE 5 (0.5" Cu)
= SPHERE 5" (0.5" Pb)
0.4 4 4 SPHERE 8" (1" Cu)
—8— SPHERE 8 (1* Pb)
- —8— SPHERE & (0.5" Cu)
~ < SPHERE 8" (0.5" Pb)
£ 03q| © SPHERE1Z'(1"Cu)
frt —s— SPHERE 12° (1" Pb)
‘ ,
Fag) Applied Radiation and Isotopes H
e O r 5 0z
L))
Analysis by Monte Carlo methods of the response of an extended-range =
Bonner Sphere Spectrometer
014
uuuuuu
0.0 e
1012 1017 101 100 108 107 10% 105 104 103 10 10 100 10T 108
Neutron energy [MeV]
Fig 3. Calculated response functions of the different spheres.

Based on concept of HOTNESS developed by
Bedogni et. al.

Bedogni, B, Saceo, D, Gémez-Fod, LM, Lorenzoli, ML, Gentile, A, Buonome, B, Poa, A,
Introind, MV, Bortot, D, Domingo, C., 2016. ETHERNES: a new design of mdio-
nuclide sour e-based thermal neutron facility with large homogeneity area Appl.
Radiat ot 107, 171-176. htpa: fdol org 10,1016, apradiso 2015100016,

Bedogni, R, Sperduti, A, Pietopacks, A, Pillen, M., Pola, A, Gémez Fos, J M., 2017.
Experimental chamacterization of HOTNES: a new themmal neutron facility with lamge
homogeneity area. Nucl. Instrum. Methods Phys Res. 843, 18-21. hops o dolorg
10.1016,].nima 2006, 100056

Based on sodium bicarbonate samples and the

Estimation air activation with pasive methods :
work of Vialle et al.
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Verify assumptions and anticipate the impact of future developments

Using Activacion Eu151 €u-152) -20 am
concretes
with low
content in
impurities

(Eu for 2l

Reducing
neutronic
burden
(PBS)

1,0E-06

Neutron dose equivalent
H{mSv [treatment Gy

s
]
5

4 Linac photwne
® Pas. del. protons 130 MeV (TSL)
® Scanned protons 130 MeV (PSI)

Nimero de reacciones de activacion
(reacciones/neutrén fuente)

Thermal neutron yield [cm? treatment Gy ']

10"E| w_ Scanned “C 250 MeViu (HIT) 03 o
W W w w w m W S A 80 40 S0 K0T s
Distance to field edge [mm] Distance along patient axis r/cm exa m p I e) Espesor (cm)
Kaderka et. al., 2012, Phys. Med. Biol. 57 5959 Hélg et. al., 2014, Phys. Med. Biol. 59 2457 Garcia-Fernandez et. al., 2021, IRPA15
e
= ——
3s0 - =

Measurement | Simulation | Simulation Measured 300 Annual mean dose
A 10 0,0229 0,000768 : =
B 2 10,0004 0,00002: 100
[4 5 0,0010 0,00012 o
0 § fnona D.o0me REFAAEEERE0EREAREEEEAEENEEAEAEERERARRBEEE

k- g 3 5 =8 212|182 |E8|38 | |E|12|8|2 2 glEl2
E 12 0,0025 00000 HEHE oLt SEEE' HEHEE = g |25 —gié-,égﬁasi
El= H El=|g EI"IEIEI12]7| (2] |IT|E] |2|%]5
F 7 0,0015 0,000095 £ E £ |F El 122 z 2
G 20 0,0063 000079 satie ge watement |FeTR| s2c2 | same ge | munmer | vr | sane ae [ sane Pausteurs
H 50 00104 0,0003 J L
- ProeusOne. Moy Cybersaite et She Ouest
e . ’ L - 1 pa of 2' and yearly Average annual dose estimation based on doses gathered between october 2016 and march 2017
Figure 2. Lay-out of the facility | lecations shown in Fioure
A__G are the measurement locations.
T indicates pasitions of TLD detectors in the buikiing Bolt et. al., PTC58-0127, PTCOG 2020 online Herault et. al., Radiation Protection in PT in 1er Int. course on PT, Institute Curie, Paris, 2018
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The Ten “Commandments” of RP in
Compact Proton Therapy Centers (CPTC)

1. Select a suitable site and location for facility

2. Design barriers and shielding against neutron and
gamma radiation

3. Use Monte Carlo simulations and check with
analytical methods (or if you prefer, the opposite)

4. Choose appropriate materials in barriers
5. Review the impact of radiation on environment

6. Anticipate changes in assumptions and future
developments

7. Place the right radiation monitor in the right place of
the facility

Pick suitable personal dosemeters

9. Assume uncertainties but collect as much
information as possible (soil, cement, concrete,...)

10. Carry out experimental measurements

Contributions to the commissioning of operational radiation protection in CPTC
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Another facilities with neutron worries

Physicists and engineers shall not live by protons alone....

0.00010 r——T—T—T—
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B 2
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One of the main differences
between ITER and DEMQ is
A the radiation dose: at DEMO
93 mors that o ordsrs of
7 magnitude higher
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0.00006 [~

0.00004 [~

n(E) [neutrons/MeV ]

0.00002 [~

0.00000

Neutron energy [ MeV ]

nilmt
THe

LE#1E -
—Tally 80001 3.18E12 n/cm's

—Tally 80002  6.52E10n/cm’s
~—Tally 80003 2.23E12 nfcmis
—Tally 80004  1.74E10nfcm’s

1E+16

1E+14 4

o
T
-
=}

1,6:08 4 .

Energy Distribution of Newtron Fluence Rate
[nvemes, MeV]
T
ol
[~}

LE+06 4
LE-Q7 LE-05 1,E-03 1E-D1 LE+01
Neutron Energy [MeV]

CEIDEN-GUN Sevilla, 8-9 junio 2022 Gonzalo Garcia (UPM)



Summary

The design of some aspects of operational radiation protection was developed from 2018 until
now, within the research project Contributions to operational radiation protection and neutron dosimetry
in compact proton therapy centers.

Currently, radiological protection in PTCs is carried out with very conservative assumptions and high
safety margins, however, developments in proton therapy could have a huge impact in the operational
radiation protection. Some developments could strongly change inputs in the workload and probably will
rise the requirements.

The aim of this work was to present a commissioning process of the operational radiation protection of
Compact Proton Centers, summarized in ten main recommendations, achieved in the activities
mentioned above, and lined up with requirements of Nuclear Authority (CSN). The goal of this
process is to guarantee the compliance of dose limits for clinical and technical staff, and general public.

Considering the permanent evolution in many aspects of proton therapy, international recommendations
(ICRP Publication 127, IAEA TecDocs), should be periodically updated and harmonized.
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