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Purpose and context
Research activities with ND, the film

Health facilities (PT)
(The ten recommendations)

Summary
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Other activities with Nuclear Data at UPM
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Proton therapy facilities

Fotones (rayos X) REDUCCION DOSIS INTEGRALES

REDUCCION EFECTOS A LARGO PLAZO EN
PACIENTES INFANTILES (<10 aiios)

Reduccion de 1,5 a 6 veces de los efectos secundarios
frecuentes (>19 % de incidencia) inducidos por la
radiacién

Outcome Modality Events | Reduction | P-value
ot idism  Protons 23%
Rretis 2.8 <0001
X-rays 65%
Sex hormone Protons 3% 6.3 Ds
deficiency X-rays 19% os >
Endocrine Protons. 55%
replacement 14 0.030
therapy X-rays 78%

Eaton et al, Neuro. Oncol. 2016 18: 881-7

350000 300 (Media de 2 veces menor con protones)
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DISMINUCION DE LA TASA DE CANCERES SECUNDARIOS
(59% veces menor con protones)

Incidencia de cancer a
los 10 afios del
(ratamiento

Protones, 5,4%

Fotones (rayos X) , 8,6%
Razén de riesgo 0,59
(p<0,009)

1g et al. IJROBP. 2013 87:46-52.
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Comunidad de Madrid

Doctorado Industrial
de la Comunidad de
Madrid, n°
IND2017/AMB-7797
UPM - Bioterra, SL

Research Project

Contributions to the operational radiation
protection in compact proton therapy
centers (CPTC)

Less
Shielding

Space and Cost-Optimized and
Simplified Beam Transport

Gantry Design ‘ -28%

Floor Plan Design ‘ -46%

Vault Design ,‘ -33%

Shielding Design ‘ -36%

3 Accelerator Design ‘ -20%

System Design ‘
Proton Source ‘

Power Supply ‘ -59%

Construction Time ‘ -10-12
months

CPTC, compact-room solution

Treatment Level Layout *

1 CPTC's vault

|
Siye

240

2 linacs’ vault
268m =

Typical size: 2.500 m2

Typical size: 400 m2 (1/6)
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Physics, Nuclear Data and Nuclear Models in PT

Proton interactions = Neutron Fields
Neutron interactions = Impact in facility

Formacién del pico de Bragg extendido (SOBP, Spread Out Bragg Peak)
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CEIDEN-Nfg-UPM Madrid, 2022 September 20th Gonzalo F. Garcia (UPM) 7




Neutron yielding and neutron transport

ESTIMATED PROTON NUMBER [nA.h]

The proton therapy beamline

70°magnet
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RP in proton centers: Starting Point
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Neutron yielding and neutron transport

° 1000 protons with 100 MeV in water 1000 protons with 150 MeV in water
Nuclear Data and Physical Model
H s
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Verification of barriers and shielding against neutron and gamma radiation

Neutron Libraries for MCNP

= The MCNP6 data libraries are contained in the MCNP6 RSICC package.
= Continuous-energy neutron libraries for MCNP6:

ENDF/B-VI Neutron Library with Probability Tables

MCNPE

ENDF/B-VI Neutron Library with Delayed Neutron Tables

Contains a number of previously released smaller libraries

Muiti-temperature data previously released as eprixs and u600k

«  endf7ix/*M* ENDF/B-VII.1
+  endf70 a-k ENDF/B-VII.0
Older libraries, retained for historical reasons:
*  116_2003 preliminary ENDF/B-VII, for a few isotopes
acti ENDF/B-VI.8
endf6é ENDF/B-V1.6
*  endf60 ENDF/B-V1.2
*  endf62mt A muiti-temperature Neutron Data Library
. ures
endf6dn
newxs LANL based evaluations
meces ENDF/B-V and LANL based evaluations
rmecsa ENDF/B-V and LANL
endfSp ENDF/B-V based
endfSu ENDF/B-V based
miscSxs
kidman Fission product evaluations
100xs. LANL based
endi92 1992 ENDL library from LLNL
endI85 1985 ENDL library
endfSmt
=)
- Los Alamos

Opecatad by Lo &

LLC b e US

INC Model Options in MCNP6

Variable | Bertini | ISABEL CEM INCL | LAQGSM
(default)
~100MeV | ~100 MeViA
Lower Energy 20-150 MeV 20-150 MeV ~10 MeV (not in MCNP: | (not in MCNP:
~5MeV/A) | ~a few MeVIA)
3.5 Gev 2 Gev ~1TeVIA
(nuc-nuc) .
Upper Energy 1GeV 5GeV (ot in MCNP: T;;':O“S?r:‘z
2.5 GeV ~15GeV)
(pion-nuc)
Target Nuclei Al All Azd Al All
hon, b .
Incident hon A<4, hon, "t"":m‘:‘p_ Amost )
particles pions (not in MCNP: pions,y | (Mot in | parices
also A>4) ~A<15) fons
pal
-
- Los Alamos UNCLASSIFIED

s sl Sy, L o o U1, Dognans of By 1A

Map of Models Recommended to Use in PHITS

Neutron Proton, Plon . Nucleus Muon e Photon
(other hadrons)

1TeV 1 TeViu 1Tev
Intra-nuclear cascade (JAM) Virtual
& + Evaporation (GEM) | AMANMC | Photo-
T| 30Gev NJ":‘;?" Photo-
Nuclear,
T |Intra-nuclear cascade (INCL4.6) d laula ntulm Jamp EGS5 | Jjam/
> & t D)?nz(::icasr | an
2 i GEM or |EPDL97| +
5 Evaporation (GEM) el (JQMD) By Track GEM
i, 20MeV + GEM el
1 | Nuclear | 10MeViu | ATIMA e
Data Library 1 MeV E I 0 NRF
Z | (JENDL-4.0) by AT rack s | O
3 " 1keV - 1keV [ 1keV
luonic atom | Track
(EGM) + Capture sm::tcure
0.01 meV 1meV

Physics models of PHITS and their switching energies

Physical Processes

included in PHITS Transport o <o
e "« High-energy spallation reaction B
Nuclear -+ Photon and muon-induced reaction
interaction - Absorption, resonance, fission reaction

« Photo-electric, Compton, pair production

« Moller/Bhabha scattering, Annihilation

% 2 « Bremsstrahlung

processes Interaction « Knock-out electron (5-ray) production

« lonization/excitation (track structure mode)

Collision &
decay Atomic

Particle .
decay + Decay with lifetime (neutron, p, etc.)
CsaRL - Conti lowing down app
Traisgoit | excitation « Energy & angular struggling
% + Electric / magnetic field
rocess
P External field | | Gravity

I reflection

: « Reflection (super mirror etc.) J
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Verification of barriers and shielding against neutron and gamma radiation
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Isodose plots
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Verification of barriers and shielding against neutron and gamma radiation

Checking the shielding of compact centers

Synchrocyclotron
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MC methods

Thickness
proposed by
vendors

Both facilities always below
international legal limits
(1 mSv, 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 Atenuation | ol but ot ) Comparative of several materials
enuation 1S essential but not enou
types of concrete 9 (concretes)
Fluencia neutrénica a lo largo del muro Fluencia neutrSnica por libreria y tipo de hormigén Activacién Eu-151 (Eu-152) - 20 cm
1,004 % g
g g 1,0E-06
SF:‘ 10605 ENDF é E
._":, wJEFF 3.3 g §
1 =TENDL 17 3 S 10B07 t o
£ e = TENDL 19 _E -g
Espesor (cm)
Espesor (cm) Reacciones elasticas en hidrégeno
I =
= =
3*3 - L
§ | _ N

",f f’@f‘ (;f & f’éf

Tipo de hormigén

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 “°Ar, o = 610 mb)
Spallation processes on 1“N and %0 atoms, with neutrons above 20 MeV of energy
Air renewal rate, r (r > 6 RPH, Aeociive= AT ), Underpressure, treatment and humidity

Spallation processes with high energy neutrons (En>20 MeV) in Oxygene
(160)

Target Reaction Cross section Nuclide Half-life
) T50(n,x)°H (n31§ ) yiegl:ed 123y
Spallation processes on O atoms, with neutrons above 20 MeV of energy e T dem
Productions of same radionuclides as air, except 41Ar: R = e
. . Spallation processes with high energy neutrons (En>20 MeV) in Nitrogen
Long-llved ISOtOpeS: 3H and 7Be pTarget i Reaction : Croszysection N}Jclide HaI:—JIife
Short-lived isotopes: 1C, 13N, 1°0, 140, 18F G Ty
_ 0 0 e soam
TN TIN(n,x) BN 10 BN 1.18m
Spallation, (n,x), and neutron capture, (n,y), processes
“:’""' Hlkiie l"“‘f’f Crous wection fam) Isotopes  Half-life Parent Reaction Reaction Product Half-life
Long-lives isotopes “"z" S (n:) “Cu  127hours
. . . “Fe 44 days 115 57Co 271 days . a0
yielded directly with protons - e - So ol | | wm ™ Co  53years
i sMn  312days (n2n) ®Cy 12.7 hours
Many equipment and elements - iy o o8 “In  24adays | | wgy (D) N eshous
. . 2Na 26ye ootz 2N .6 years e 65
of the facility with natural Cu S o o
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Air activation in CPTC
MC methods
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Soil activation in CPTC

Results: MC methods

Flle ack:yout Track Detection in xyz mesh DR T
; ; emin = 0.0000E+00 [MeV]
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No activation with soil slabs:

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

Fiberglass recommended
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Impact of new developments (Evolution of delivery methods)

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

2-3m

le scattered beam

Single scattered beam
\ ' *60!11@ —_—
max

First Scatters

Second Scatterer

Double scattered beam

PT2 9 ACtIVG methOdS 9 PeﬂCll Beam SCannlng (PBS) 9 IMPT (Intensity modulated proton therapy)

Optimization of tumor volume in
iso-sheets (Z) to ensure a
homogeneous dose in the —

longitudinal direction

SM1 () SM2 (X)

g reat-Oul lBragg Peak exten
(SOBP) to cover all the Pllan ed
Volume 'I'r:gel(PV‘I'} of the tumour

PT.3 2 In-development methods

- Flash -therapy - Disruptive

rgetic arc

- Blendeld modes (active+passive)

Yap et. al., 2021, Frontiers in Oncology, 11, 780025
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Impact of new delivery techniques on RP

PMAT (Experimental)

Proton Monoenergetic Arc Therapy (Dr. Carabe- Fernandez)
Dosimetric plans PMAT/IMPT Set-up for experimental measurements, H*(10)

6 Gy
IMPT
SOB P P I M?d:ll zsﬁ '}Mish MDode! 4‘2-41L l
141.7 - 89.5 MeV ] ightweight Neutron Dose System
PMAT -
Monoenergetic \ X S —— VN ,
" W M 117.5 MeV Nl G,/ _
Doseforl ) ) ) 3 “ 2 il S Garcia-Fernandez et. al., 2021,
() 4 o e(n IRPA15
Carabe-Fernandez et al., 2020, Physics Medical and Biology, 65:165002 A N P =
Bertolet and Carabe-Fernandez, 2020, Physics Medical and Biology, 65:165006 =
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Radiation in action

by Dr Carabe-Fernandez

Alejandro Carabe
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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 (5-10 microsecond)

Underestimations

3000 -

[Firack] XY Contour figure in the Maze

2000

X [cm]

x[em]

1000

PHITS, 2021, tutorial

Another way to make more realistic assumptions

10 Experimental measurements to better assess the
| ! | 1 | 1078

1500 1000 500 O 500 impact of new delivery techniques in
z [em] development

Garcia-Fernandez et. al., 2022, In Develpment
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Carry-out of experimental measurements
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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
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Verify assumptions and anticipate the impact of future developments

Using Activacion Eu-151 (Eu-152)-20 om
concretes
with low
content in
impurities

(Eu for

Reducing
neutronic
burden
(PBS)

A
® Pas. del. protons 130 MeV (TSL)
.
L]

(reacciones/neutrén fuente)

Neutron dose equivalent
H{m8v ftreatment Gy

Scanned protons 130 MeV (PSI)
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5x10° 1 L .
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Kaderka et. al., 2012, Phys. Med. Biol. 57 5959 Halg et. al., 2014, Phys. Med. Biol. 59 2457 Garcia-Fernandez et. al., 2021, IRPA15
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Figure 2. Lay-out of the facility L lecations shown in Figure
A...G are the measurement locations.
T indicates positions of TLD detectors in the building Bolt et. al., PTC58-0127, PTCOG 2020 online Herault et. al., Radiation Protection in PT in ler 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)

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

Anticipate changes in assumptions and future
developments

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

Pick suitable personal dosemeters

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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Summary

1. 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.

2. 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.

3. 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.

4. Nuclear data are essential for the comprehensive development of a research of this nature
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