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Dose equivalente (Sv)Dose assorbita D (Gy= J/Kg)

Energia media depositata nel 
volume elementare di massa 

dm

dm
d

D
ε

  =

Dose efficace (Sv)

�=
R

RTRT
DwH

,

T = tessuto o organo
DT,R = dose assorbita 

dall’organo
wR = fattore di qualità della 

radiazione
R = tipo di radiazione

�=
T

TT
HwE HT = dose equivalente

wT = peso per il tessuto  
o organo
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Codice di simulazione:

MCNP-GN
• Nuova routine GAMMAN 

per la fotoproduzione di 
neutroni implementata in 
MCNP-4B.

I codici Monte Carlo 
disponibili non trattano la 
(γ,n) poiché la sezione 
d’urto della reazione è
cento volte inferiore 
rispetto a quelle per gli 
effetti fotoelettrico, 
Compton e annichilazione.

Misure sperimentali:

Spettrometro a 
bolle (BDS)

rivelatori integrali 
BD-100R

• Valutazione degli 
spettri neutronici al 
piano del paziente.

• Valutazione degli 
spettri neutronici agli 
organi critici (ICRP 
60).

Fantoccio

Fantoccio 
antropomorfo 

JIMMY

• Tessuto equivalente.

• Cavità in 
corrispondenza degli 
organi critici.

• Conservativo 
rispetto ai fantocci 
standard
(intercalibrazione
presso il JRC, Ispra).
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mj
E

E
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Mj : detector response 
Rj (E) : response curve values
ΦΦΦΦE(E) : differential fluence  

distribution of  neutron 
energy 

m : number of energy thresholds
n :  number of energy intervals
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MCNP-GN tested against a dedicated measurement of (γγγγ,n) production yields 
for W, Pb, Fe, Au at MAX Lab (Lund Sweden): 

Monochromatic tagged photons (Emax 75 MeV) hitting 4-8mm thick sheet of W. 
Neutrons are detected in a TOF (Time Of Flight) spectrometer

Annand, Zanini et al. “Photoneutron Yields from Tungsten in the Energy range of the Giant Dipole Resonance”, 
accepted for publication in “Physics in Medecine and Biology”.



,��
����
7 ��A
$��"
$#��
�C����

,!��  �!���#�(������
����
��� 9��
����6
 ����
�1
+ ���
P��
����6
 ����
�1
.��

��#�!�� �!�
��������
C���,��

 ����!�����!

Gamma beam
target

Measurement of (γγγγ,n) yield, made at 
MAX Lab (Lund Sweden)

100 cm

neutrons
BDS
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Photon field 10x10 cm2
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Photon field  at the patient plane 10x10 cm2
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BDS neutrons
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Three photon fields: 
0° AP irradiation
90° lateral irradiation  
270°lateral irradiation

treatment planning to bladder in a patient

Lead alloy wedges are used in lateral 
photon fields for a better dose distribution



Trattamento reale alla vescica con fasci 
incrociati

Confronto: trattamento tradizionale - trattamento reale
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BDS neutrons
crossed beams

30% mancato controllo locale

40% mancato controllo locale  e  
metastasi a  distanza

30% per altri motivi

Morti per 
insuccesso della 
radioterapia negli 
USA ’97
(60% dei pazienti 
trattati)

dose neutronica 
elevata agli organi 
in profondità
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Average cancer cell
10 µm in diameter

n(th)
2.8 MeV

B10

BNCT Process
Li7 +3

He4 +2

480 keV γγγγ6 µm

9 µm
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ENEA’s FNG (Frascati Neutron Generator), 

Berkeley University’s RTNS (Rotating Target Neutron Source), 

University of Illinois’s IECF (Inertial Electrostaic Confinement Fusion 
device), 

LBNL’s ST (Sealed Tube).



Studsvik (Sweden) (6/2001):

Reactor Power:           1 MW
Φn epith : 18×108 n cm-2 s-1

Fast Neutron dose in water / Φn epith: 0.76×10−13 Gy cm2

γwhole body dose / Φn epith: 5.2×10−13 Gy cm2

Applicazioni: glioblastoma

Espoo, Helsinki (9/1998):

Reactor Power: 250 kW
Φn epith (0.4 eV – 10 keV): 11×108 n cm-2 s-1

Fast neutron dose in water / Φn epith: 2.4×10−13 Gy cm2

γ whole body dose / Φn epith: 0.5×10−13 Gy cm2

J n epith (0.4 eV – 10 keV) / Φn epith: 0.77

HFR Petten, Holland (6/2002):

Reactor Power: 45 MW
Φn epith (0.4 eV – 10 keV): 3.3×108 n cm-2 s-1

Fast neutron dose in water / Φn epith:  8.6×10−13 Gy cm2

γ whole body dose / Φn epith: 10.3×10−13 Gy cm2

J n epith (0.4 eV – 10 keV) / Φn epith: 0.95

Brookhaven (1997):

Reactor Power: 3 MW
Φn epith (0.4 eV – 10 keV): 18×108 n cm-2 s-1

Fast neutron dose in water / Φn epith:  4.3×10−13 Gy cm2

γ whole body dose / Φn epith: 1.3×10−13 Gy cm2

J n epith (0.4 eV – 10 keV) / Φn epith: 0.67

MIT (1999):

Reactor Power: 5 MW
Φn epith (0.4 eV – 10 keV): 2.1×108 n cm-2 s-1

Fast neutron dose in water / Φn epith: 8.6×10−13 Gy cm2

γ whole body dose / Φn epith: 13.0×10−13 Gy cm2

J n epith (0.4 eV – 10 keV) / Φn epith: 0.55

MIT (proposta):
Reactor Power: 5 MW + fission plate
Φn epith (0.4 eV – 10 keV): 180×108 n cm-2 s-1

Fast neutron dose in water / Φn epith:  1.3×10−13 Gy cm2

γ whole body dose / Φn epith:  1.0×10−13 Gy cm2

TAPIRO (3/2003):

Reactor Power: 5 kW
Φn epith (0.4 eV – 10 keV): 8.0×108 n cm-2 s-1

Fast neutron dose in water / Φn epith:  4.1×10−13 Gy cm2

γ whole body dose / Φn epith: 3.5×10−13 Gy cm2

J n epith (0.4 eV – 10 keV) / Φn epith: 0.72
Applicazioni: progetto per trattamento

del glioblastoma
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TRIGA MARK II:

Reactor Power: 250kW
Φn term:  6.0-7.0×109 n cm-2 s-1

Applicazioni:                  tumori epatici multifocali
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•A 2 MHz or a 13.56 MHz radio frequency (RF) discharge is used to produce 
deuterium or  50 %deuterium + 50% tritium plasma. 

•High power RF-discharge has the advantage of yielding high fraction of 
monoatomic ion species (D+ or T+ ions) in the beam. 

•The ion beam is accelerated to energy of 100 keV or higher to impinge the 
beam on a titanium coated copper or aluminum target where neutrons are 
generated through D-D or D-T fusion reaction: 

D + D → 3He + n (2.45 MeV)   

D + T → 4He + n (14.1 MeV)
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Bismuth 

•Generates more neutrons of lower energy (~2 MeV) through (n, 2n) 
reaction with 14 MeV neutrons

Iron 

•Has high inelastic scattering cross section above 860 keV and a window 
at 20 keV →→→→ decreases the fast neutron flux in the range of 1 to 14MeV 

6LiF 

•Reduces the thermal component of the neutron flux.

FluentalTM (Al/AlF3/7LiF)
•Decreases the high neutron flux in the range ~100 keV and higher.
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• Ideal epithermal neutron 
spectrum in the range of 
about 2keV to 20 keV
peaking at around 10 keV.
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Blocco di polietilene 
40x40x44 cm3

Blocco di piombo 
20x20x22 cm3
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flusso termico

Flusso totale
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Tally di tipo 2 

codice: MCNP4B-GN 

flusso termico

Flusso totale



2 1.08E-7 2.63E-8 4.78E-8 1.82E-7

5 1.04E-7 2.59E-8 4.49E-8 1.75E-7

10 1.04E-7 2.25E-8 3.67E-8 1.63E-7

15 3.79E-8 7.31E-9 1.12E-8 5.64E-8

25 6.57E-11 1.35E-11 1.62E-11 9.53E-11

Distanza       n              n             n            tot  

cm           termici     epiterm     veloci

n/cm2/e- n/cm2/e- n/cm2/e- n/cm2/e-

2 1E-8 4.18E-9 6.36E-9 2.06E-8

5 9.89E-9 3.92E-9 5.3E-9 1.91E-8

10 8.51E-9 3.28E-9 4.4E-9 1.62E-8

15 5.74E-9 1.77E-9 2.58E-9 1.01E-8

25 1.23E-9 2.88E-10 5.19E-10 2.04E-9

10 6.68E-11 7.43E-12 3.16E-11 1.06E-10

15 5.38E-11 1.07E-11 3.07E-11 9.51E-11

25 1.93E-11 7.63E-12 1.9E-11 4.59E-11

Piombo 20x20x22 cm3

Polietilene 40x40x27 cm3

Polietilene 40x40x44 cm3
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2 1.82E-7 1.82E8 9.1E6

5 1.75E-7 1.75E8 8.75E6

10 1.63E-7 1.63E8 8.15E6

15 5.64E-8 5.64E7 2.82E6

25 9.53E-11 9.53E4 4.76E3

Distanza       tot tot            tot 

cm         n/cm2/e- n/cm2/Gy    n/cm2/s 

2 2.06E-8 2.06E7 1.03E6

5 1.91E-8 1.91E7 9.55E5

10 1.62E-8 1.62E7 8.10E5

15 1.01E-8 1.01E7 5.05E5

25 2.04E-9 2.04E6 1.02E5

10 1.06E-10 1.06E5 5.3E3

15 9.51E-11 9.51E4 4.76E3

25 4.59E-11 4.59E4 2.26E3
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Tally di tipo 2 

codice: MCNP4B-GN 

Flusso totale
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Tally di tipo 2 

codice: MCNP4B-GN 

Flusso totale



Distanza  neutroni fotoni

cm           n/cm2/e- p/cm2/e

Piombo 20x20x22 cm3

Polietilene 40x40x27 cm3 

flusso calcolato dopo 5 cm 
di polietilene 

Polietilene 40x40x44 cm3 

flusso calcolato dopo 22 
cm di polietilene 

��#  �
��#�!�����
& 
1�������

2 1.82E-7 5.23E-7

5 1.75E-7 3.73E-7

10 1.63E-7 4.57E-7

15 5.64E-8 2.8E-7

25 9.53E-11 1.24E-9

2 2.06E-8 1.07E-7

5 1.91E-8 1.67E-7

10 1.62E-8 3.08E-7

15 1.01E-8 9.16E-7

25 2.04E-9 2.19E-6

10 1.06E-10 3.06E-7

15 9.51E-11 3.77E-7

25 4.59E-11 5.29E-7
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2 1.82E8

5 1.75E8

10 1.63E8

15 5.64E7

25 9.53E4

Distanza   neutroni neutroni H*(10)

cm          n/cm2/Gy       mSv/Gy

2 2.06E7

5 1.91E7

10 1.62E7

15 1.01E7

25 2.04E6

10 1.06E5

15 9.51E4

25 4.59E4

fotoni fotoni H*(10)

p/cm2/Gy          mSv/Gy

5.23E8

3.73E8

4.57E8

2.8E8

1.24E6

1.07E8

1.67E8

3.08E8

9.16E8

2.19E9

3.06E8

3.77E8

5.29E8

0.512

0.367

0.387

0.385

0.002

0.160

0.377

0.481

3.510

18.100

0.580

0.972

4.600

10.600

9.220

7.800

2.409

0.003

1.022

1.310

0.950

0.614

0.131

0.015

0.003

0.005
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Polmone SXPolmone DX

Cervello

Tiroide

Stomaco

Colon SXColon DX

vascica

Fegato

Esofago

Milza

Rene SXRene DX

Midollo

Gonadi



Vescica

Colon SxGonadi
27 B.(1.8)

Colon Dx

Rene Sx
6 B.(1.8)

Midollo Basso, PancreasRene Dx

Milza
17 B.(0.92)

Stomaco
8 B.(1.7)

Fegato
14 B.(2.3)

Polmone Sx
4 B.(0.80)

Midollo AltoPolmone Dx
11 B.(0.91)

Esofago

Tiroide

Cervello
55 B.(0.89)
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GCR (Galactic cosmic Rays): galactic origin, generated outside the solar system.

ACR (Anomalous Cosmic Rays): galactic origin, generated in the 

interplanetary space.

SCR (Solar Cosmic Rays): events following the 11 year cycles.

Primary radiation: 87% protons, 12% α α α α particles, 1% HZE (High Z Elements).

Secondary radiation: it is produced by interaction of primary cosmic rays with 

atmospheric nuclei (O and N); 

The atmospheric cascade is characterized by:

1. N component (nucleonic component) ���� particles subjected to strong interaction

2. Soft component (electromagnetic component) ���� electrons, positrons and 
electromagnetic quanta

3. Hard component (muon component).
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Solar surface is periodically characterized by outstanding events 
(solar flares, Coronal Mass Ejections, Filament Disruptions). 

The solar activity is described by sunspot numbers, characterized 
by an 11-year cycle. 

The sunspot number unit is the Wolf number:
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Higher solar activity 

Lower  cosmic ray flux on Earth
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Tabella tratta dal rapporto della NASA: “Radiation Safety Aspects of Commercial High-
Speed Flight Transportation”, J.Wilson, F.Cucinotta et. al., 1995
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Air shower cascade

FLUKA code
is the reference code for high 
energy nuclear physics

GEANT 3, GEANT 4
have been chosen by ESA 
as reference code for space 
environment simulations.

• Spectra of secondary particles 
calculated using the Monte Carlo 
transport code FLUKA and GEANT 3. 

• Simulations carried out at solar 
minimum  and solar maximum activity 
for several geomagnetic cut off.
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Calculated hadron fluence rates as a function of altitude for different input 
conditions ( ) high latitude, solar minimum activity; (����) high laditude solar 
maximum activity, (   ) low latitude solar minimun activity.
A.Ferrari, M.Pelliccioni, T.Rancati, “Calculation of the Radiation Environment Caused by 
Galactic Cosmic Rays for Determing Air Crew Exposure”, Rad. Prot. Dos. 93, 2, 101-114 Nucl. 
Tech. Pub. (2001).



 )(��*����!����	
� )(��*����!����	
� )(��*����!����	
� )(��*����!����	
�

Percentages of flux and ambient dose equivalent rate at different altitudes

Percentages of neutron ambient dose 
equivalent rate calculated in different 
energy ranges at different altitudes



1.    High mountain laboratories
Plateau Rosa, Testa Grigia Laboratory 
h=3480 m, 
45° 56’ 03’’ N, 7° 42’ 28’’ E
Chacaltaya, La Paz (Bolivia)
h=5400m, 16°S

2.  Alitalia flights AZ784/11, AZ784/12
Roma-Tokyo-Roma
h=11500m,
35° 45’ 9’’ N, 14° 23’  2’’ E
68° 30’ 5’’ N,   7° 33’  4’’ E

3.   ASI balloon flights
Base Trapani Milo, Trapani-Siviglia       
h=38000m,
36° N
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4. ESA project  
BIOPAN on Foton M1 
satellite
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“COSMIC RAYS AT EARTH - Researcher’s 
Reference Manual and Data Book” ELSEVIER 
SCIENCE   (2001) pp.109-110.

milami-chaca-matter

1,00E-15
1,00E-14

1,00E-13
1,00E-12

1,00E-11

1,00E-10
1,00E-09
1,00E-08

1,00E-07
1,00E-06
1,00E-05

1,00E-04

1,00E-03
1,00E-02

1,00E-01
1,00E+00

1,0E-01 1,0E+00 1,0E+01 1,0E+02 1,0E+03 1,0E+04 1,0E+05

E(MeV)

ne
ut

ro
n 

flu
x 

(c
m

-2
 s

-1
 s

r-
1 

M
eV

-1
)

Serie1

Serie2

Serie3

)+��
���
����
�!�
	
������
��

������	
�
	������/��(�0(��	��������

Comparison between Matterhorn (3600 
m 46°N) neutron spectrum 
(experimental) and Chacaltaya (5400m 
16°S) neutron spectrum (experimental) 
and cosmic neutron spectrum on the 
flight path Milano- Los Angeles-Milano
(12km).



)+��
���
����
��!����!��
���$��

�+��
�����
�
���
�
���������

0C80<�&0����������@0�@<68*�)����

> 6�6
�� � �� �@� 
� 
� ��� ' �7�������������/ ( D $ �� 7�( + E �

8�� �� � 
 �<� � � 7�

&� ��� � � � � � 7���� ��

)� � � � ��� � � �� ' �7���������������+ !; $ �� 7�� ; E :

)� � � � ��� � � 7�

1 � �8� 4 7� � �
- 
�

� �
� � ��&
%1 �6�%&
���������������� !$ $ $ ��

� ��
�
 � � ������ �
�
 � � ��� 
� �� � � ����
 � ����� � � � �� � �� �

� ���������������������������� � F� � !F� ��� *G 2� $ 3�2µµµµ: - F� 3

/ ( D $ �����������( + E ��� $ �$ ? ��������������$ �� !

+ !; $ ������������ ; E �: ����������$ �� !��������������$ �� +

� !$ $ $ ����������������������������!�? D ��������������� �D



)+��
���
����
��!����!��
��)+��
���
����
��!����!��
��)+��
���
����
��!����!��
��)+��
���
����
��!����!��
��

12��12��12��12�������
	����
�����
	����
�����
	����
�����
	����


0C80<�&0����������@0�@<68*�):����

> 6�6

� �
� � ��<� %�� " 
� %&
���������������� !$ $ $ ��

� � ��� � � ��
� � �������������������������/ D $ $ $ ��

�� � � � � 
%:
- 
� �
�

� ��
�
 � � ������ �
�
 � � ��� 
� �� � � ����
 � ����� � � � �� � ��

� ���������������������������� � F� � !F� ��� *G 2� $ 3�2µµµµ:- F� 3

� !$ $ $ �����������������������������$ �? �����������������$ �D D

/ D $ $ $ ����������/ ; E ���������� � �!� $ �? /



����
��
��!����

��������� 
�������3	
��	
�
�%�
�$ 4��*�



�
��
�	
��
�
��������$��

(�������5 �	� �,�	6�	

�	� ��7 1!�
	��(�
��



%�$�
	�
B9><44
	�
B9><4/

@�
	 ;
	��
	�;F%2&.��0�;F%2&.��
��!�9?�BG�9��!�

S��'��!0
H'̂�&'������70��&̂�)H���)����
�2̂�H���'���70���%̂�HH���&����



1���		
�"���$��1���		
�"���$��1���		
�"���$��1���		
�"���$��

(��5�
���
�,��.�����



%�$�
	��
,��,	4

����������3�*0

SH2���!0
H�̂�7



���������

)�(5�8�8��%��

���	"��� 9 3������)��)��9 ���
	�
�9 :���
�)��'



��������
-����
���������������������������-�������'�������2���
��3�����6 �8 6 �

2< ���3���������������
������������������
��
���

� ��� 
�������� ������ ���

��'�����������
����
����������������� 

� ���
�����
4 �����������������
���
�������	 

����2
���
��
���
����� ���
����������%


���
" ���
� ����
���
����'������
��7��
�������7������������
��'�������7�������
��������

������-��
����3 

� ���
'���
����������������) 0 < ���2�����������
������������
����
��������������7�����

����� 
�������������������D $ $ �& �. 3 

� �
����������
���
���������� ���
����������
�����������
�
����������
�
���� 
���� ����

���
��� 

� ������
�
��
�����
�� ������2� A ��� 3�'����������
�����
-������
�'��
���������
���

����'���������
�������-�������������
������
���
���

�#���!2
0 � ����������� ��������������������������������������������������� $ $ �" �. �� $ $ �@ �.

: ��������� ��2� > : �������������3���������������������� $ �" �. �! $ �& �.



• TEPC Tissue Equivalent 
Proportional Counter 
(Collaboration with
ARCS)

• Rem counter ALNOR 
(0.025 eV - 17 MeV)   
(Collaboration with LNF)

• Rem Counter Linus    
(0.025 eV – 400 MeV) 
(Collaboration with LNF)

• BD100R (bubble detector 
100 keV-20 MeV)

• BDS spectrometer (10 keV- 20 
MeV)

• BTI MICROSPEC 2N using a 
50x50 mm NE213 scintillator 
from 800keV to 18 MeV and a 
3He chamber from thermal 
energy region- 800keV. 
2) � ��� ' � � � �
� � �� 
�� H < ) 3
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0.271.100.300.21Altro (µµµµSv/h)

1.01.0       0.84*0.0140.010Fotoni 
(µµµµSv/h)

4.02.2        2.8* 0.0240.014Protoni 
(µµµµSv/h)

2.85.1        4.2*0.310.16Neutroni 
(µµµµSv/h)

38 km12  km5.2 km3.6 km

* A. Ferrari, M.Pelliccioni, T. Rancati,
“ Calculation of the Radiation Environment caused by Galactic Cosmic Rays
for determing Air Crew Exposures”, Rad.Prot.Dos., 93-2 (2001)

Tabella tratta dal rapporto della NASA: “Radiation Safety Aspects of Commercial 
High-Speed Flight  Transportation”, J.Wilson, F.Cucinotta et. al., 1995
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Primari spessore protoni neutroni fotoni elettroni 
  Flusso 

relativo 
(#/cm2/s) 

Flusso 
relativo 

(#/cm2/s) 

Flusso 
relativo 

(#/cm2/s) 

Flusso 
relativo 

(#/cm2/s) 
p 0 cm 100    
p 3 cm 2.38 5.8 2.38 0.13 

 
Primari spessore protoni neutroni fotoni elettroni 

  Dose rate 
relativo 
(µSv/h) 

Dose rate 
relativo 
(µSv/h) 

Dose rate 
relativo 
(µSv/h) 

Dose rate 
relativo 
(µSv/h) 

p 0 cm 100    
p 3 cm 1.12 1.29 0.01 0.02 
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protoni HZE fotoni elettroni 
Dose 
rate 

relativo 
(Gy/d) 

Dose 
rate 

relativo 
(Gy/d)) 

Dose 
rate 

relativo 
(Gy/d)) 

Dose 
rate 

relativo 
(Gy/d)) 

0.19 0.2 0.01 0.11 
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Primari spessore protoni neutroni fotoni elettroni 
  Dose rate 

relativo 
(Gy/d) 

Dose rate 
relativo 
(Gy/d) 

Dose rate 
relativo 
(Gy/d) 

Dose rate 
relativo 
(Gy/d) 

p 0 cm 0.19    
p 3 cm 2.13E-3 2.45E-3 1.9E-5 3.8E-5 

 


