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e Neutron Dosimetry
e Monte-Carlo methods
e Experimental method (ambient and in phantom dosimetry)

e Passive detector system: short range extended range
10keV-20MeV 100keV-100GeV

e Unfolding code
 Anthropomorphic phantom ( Jimmy)

Environmental Applications Medical Applications
»High altitude flights Radiotherapy
» Stratospheric balloons BNCT (Boron Neutron Capture Therapy)

»High altitude Observatories
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Why Neutron Dosimetry?

Environmental application

» Neutrons represent the main component in the atmospheric
shower at the altitude of intercontinental flights altitudes

= Secondary neutrons are produced in space by interaction of
primary protons with spacecraft shielding

e Neutron dose contribute to the radiation background for people
living at high altitude countries
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Why Neutron Dosimetry?

Medical applications

e Neutrons represent a crucial component of the undesired dose
(outside from the treatment zone) in tumor radiotherapy with
high energy linacs

e The new radiotherapy technique based on Boron Neutron
Capture Therapy (BNCT) requires an accurate spectrometry to
characterize the thermal or epithermal neutron beams.
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Neutron Spectrometry and (LIS
Neutron Dosimetry

The complexity of the experimental neutron dose evaluation is
due to many factors:

The neutron RBE (Radiation Neutron energy spectra measurements
Biological Effectiveness) strongly = |
depends from neutron enerqy Threshold detectors + Unfolding codes

Neutron fields are mixed with gamma

fields ====D> Detectors able to separate the neutron
signal from gamma signal

e Neutron energy range cover 10 or : : : :
more order of magnitude: Different interaction mechanisms

from 0.025 eV to hundred of GeV : Different detectors for different energy

» In terference with electromagnetic _ _ _
fields m—p> Pgssjve detectors — no electronic devices
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Quantities for dosimetry and INFN

C
radiological protection

Fluence @ Absorbed dose D

- & d s (Gray = Joule/Kg)
— T~ D = ray = Jouie

dA i y g

Number of particles across Mean energy imparted by
the surface A lonising radiation to matter of
mass dm

(cm?)

Equivalent dose H; (Sievert= Joule/Kg)

H T — Z W R D T,R
T = tissue or organs wg = radiation weighting factor
D r= absorbed dose over the R = type of radiation

tissue or organ
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Radiation Weighting factors wy

(ICRP 74)

Radiation Wp
Photons 1
Electrons 1
Muons 1
Neutrons

< 10 keV 5
10 — 100 keV 10
100 keV — 2 MeV 20
2 — 20 MeV 10
> 20 MeV 5
Protons 5
Alfa particles, fissions

fragments, heavy nuclei 20
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Quantities for radiological protection M.

Tissue Weighting Factors

Refence quantity

Organs W

Gonads 0.20

Effective dose Lung 0.12

E = ZT: w H, Stomach 0.12

H; = equivalent dose Colon 0.12
w; = tissue weighting factor Bladder 0.05
(Sievert= Joule/Kg) Liver 0.05
Oesophagus 0.05

Breast 0.05

Thyroid 0.05

Skin 0.01

Bone surface 0.01

Remainder 0.05
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radiological protection

Operational quantity

H* Ambient dose equivalent
(Sievert = J/KQ)

H* = ® x Conversion factors

H*>E

H* is conservative to
respect to E

H*(10)/® (mSv cm?)

Quantities for dosimetry and
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1| New Conversion factors H*(10)/ neutron fluence ICRP 74
i fluence-to-ambient dose equivalent
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Environmental Applications

e Alitalia intercontinental flights 12000 m

*AS/ balloon flights 30-40 km

e High Mountain Observatories  3000-5000 m

(3
122
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Cosmic ray neutrons NN

Neutrons in atmosphere arise from

Interaction of primary cosmic rays with
O and N atmosphere nuclei;

Nuclear decays like:

A —n+p?l

>+ —->n+p*

2- —-nN+p-

Most of the thermal neutron in atmosphere

are absorbed in such processes as:
14N +n—4UC+1H

5% of neutron having energies greater than 4
MeV take part in the reaction:
14 N+ n _>12C+ 3H
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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. D0s. 93,2, 101-114 Nucl. Tech. Pulb. (2001)
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Neutroni in atmosfera e

“BNTRIBUTO ALLA DOSE TOTALE massimo a ~16 km L s
quote di volo: 3-6 uSv/h ad alte latitudini,
~ 1/2 a basse latitudini;

Neutron dose _ rappresenta circa il 50% del totale.
60000 ° ;I = ; Neutron dose
i ..o y : R,=6.1 GV
50000 ftg{,t " . . & = 465 MV
. . _ . " " Total dose . )
E ap000| ' . . g el e . .
L " ! . L " =
= P ] ‘. B % . .
= 30000 ; i . '._ . g?ther . .
'd: L s @ l‘ -h‘ ... = :
S A ; 4 3 ,;* -". .': Total dose
.--.I. 3 _ = _I,"h _l'} -_Fl.. g 'III : i - ®
10000 L AL L T B
s B A, 8.7 4 L Bt .-:_ L
o Iﬂﬂ'.:n*":l;‘_..-l_l-'h=l.. r
[) L= T 8% 0 f
10 107" 1 ; B S S Woi . S S
Ambient dose equivalent rate (LSw/h) Ambient dose equivalent rate (LSv/h)

Simulazioni codice FLUKA “Differential Neutron Flux in Atmosphere at Various Geophysical Conditions™ A.
Zanini,, M.Pelliccioni, at al., Proc of The 28th International Cosmic Ray Conference, Tsukuba (July 2003).



- 4 INFN
Characteristics of the neutron spectra L e
In atmosphere
.oao TR o | ow energy peak
f’ \ S at about 0.1 eV (the energy shift
? 3 \ o o/ent depends on the capture processes of
gt"’ o O[ft'on bump thermal neutron with formation of
T 700 anent radioactive nuclei).
§ 10 >
2 '°2 * Intermediate energy peak
g “rThermal peak .
:EE: < at about 1 MeV arising from the
.- e ;ﬁ;&m evaporation process of the excited
lO'éDm Olev lev I()evI ””iltlftdOa:meFmI{w‘ “lllcliﬂkm:r HIIIO(EMW | Mev r;It.'rtml:::\l;:\r | Bev ICI nUCIeUS'

ENERGY

High energy peak
at about 100 MeV. These neutrons derive from the direct interaction of the
high energy incident particle with the nucleus.
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Neutron dosimetry at high
altitudes flights

Calculation
Monte Carlo codes (FLUKA, GEANT3, GEANT4)

Transport codes (CARI, LUIN, EPCARD, FREE, PCAIRE,
SIEVERT)

Experimental methods
Tissue equivalent proportional counters (dose from LET)
Si-semiconductor spectrometers (dose from LET)
Rem-counters (Alnor th. to 17 MeV, Linus th. to 400 MeV)
Bubble (super heated-drop) detectors (10 keV-20 MeV)

Fission stack (Bi 299) for high energy neutrons (200MeV —
100 GeV)
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Experimental Method
Extended range

(in free air measurements)

100 keV - 100 GeV

> a wide energy range detection system;
> reduced size and no electronic supply (as required on intercontinental flights).

Detector Energy range

Physical characteristics

1. Bubble dosemeter

BD100R 100 keV- 20MeV

2. Polycarbonate
detectors foil
1 MeV- 100 MeV
3. Polycarbonate
detector bottles

4. Fission detector
209Bj 100 MeV- 100 GeV

Polycarbonate vials filled by tissue equivalent gel, in
which microdroplets of superheated freon are spread.
Charged recoil particles, produced by the interaction of
neutron with gel, give raise to visible bubbles.

Track are left by recoil products, generated by neutron
Interaction and revealed by etching tecniques.

Stack of 299Bi layers, deposed on mylar films (100 p).

Fission fragments generated from n- 2%°Bi interaction

generated holes in mylar detected by means of a spark
counter



(i
Bubble dosemeter -

BD100R 100keV - 20 MeV

Polycarbonate detectors
1MeV-100MeV

Flsslon cletector 29281
1002V -100GeV

neutrone

{a) BD 100R
(b; goiiyc. I?n:l“e
(c) Polye. Foi
(@P"Bi

)

)
4

Sensitivity (count/neutron)
a

=2

neutrone
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Calibration &ﬁ?

di Fisica Nucleare

» The calibration of the passive detector system has been performed at
CERN (T14 position, H-6SPS beam): this facility is a reference field for
the calibration of neutron detection systems to be used in the cosmic ray
field.

» The passive detector results, unfolded with the BUNTO code, are
compared with the MC simulation of the experimental setup; the results
are consistent.

. . TargetundprEﬁﬁErete Roof Shield 1P T L
' g o 1! 11 10 10°
Saléve side o BMeV)

A. Zanini - zanini@to.infn.it Bulgaria March 31st 2006



)
INFN

Istituto Nazionale
di Fisica Nucleare

Experimental Method

Short range 10 keV-20 MeV

e IN FREE AIR MEASUREMENTS

Evaluation of the Evaluation of H*(10)
BDS spectrometer » Neutron spectrum and E from ICRP74

and unfolding code BUNTO (10 keV — 20 MeV). > conversion
coefficients

e IN TISSUE EQUIVALENT MEASUREMENTS

hAnEhFOIOg:nN(I)I\r/RhiC ; Measures of dose Approximation of E

phantom: an -

bubble detector BD-100R — equ_w_alenjcs a_t organ — frorr_1 organ dose
positions in tissue equivalents

equivalent phantom.
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Experimental Detection System & =
Bubble detectors for neutron dosimetry

Calibrated in terms of dose equivalent (NCRP 38)

Integral dosemeter: Neutron spectrometer BDS

BDT thermal neutron

BD-100R fast neutron

temperature dependence Six detectors with different

BD-PND fast neutron energy threshold

compensation for sensityvity change with coupled with an unfolding code

temperature over the operation range of 20-27°C) Spectral distribution
of the neutron field

10 keV - 20 MeV
A. Zanini - zanini@to.infn.it Bulgaria March 31st 2006

Integral dose 100 keV-20 MeV




Energy Range
Dose Range

Sensitivity

(User St:lr:ct:;bl{:}

BD-PND
< 200 keV to
> 15 MeV
(.1 - 500 mrem

0.01 - 50 uSv

(.33 - 33 bub/mrem

0.033 - 3.3 bub/uSv

BDI00OR
< 200 keV to
> 15 MeV
0.1 - 500 mrem
0.01 - 50 pusv

0.33 - 33 bub/mrem

0.033 - 3.3 bub/ pSv

BDT

Thermal

(~ 1/V for epithermals)

0.1- 10 mrem
0.01 -1 udv

~ 30 bub/mrem

3.0 bub/uSv

BDS
Six thresholds: 10, 100, 600,
1000, 2500 and 10000 keV
~ 50 mrem

~5 U

1 - 2 bub/mrem

0.1 - 0.2 bub/uSv

Automatic
T{:mpcrﬂturc Yes No Yes No
Compensation
Dptimum
T{:mpcraturc 20 =87 10 = 355C. 20= 355G Vi i i
Range
. 145 mm lcngrh X 120 mm leneth x 145 mm lmgrh X 80 mm leneth x
Size e , el fs ; il
19 mm diameter 16 mm diameter 19 mm diameter 16 mm diameter
5 £ % o T
Weight g 3¢ g 20 g
Re-use Yes Yes Yes > 10 cycles
Recompression [ntegrated Infegrated [ntegrated External recompression
Method a3 r;umhl}' 1-153::1111}13‘ a8 r;cmhl}' chamber rcquircd
Recommended for Temperature i ; :
I'hermal:fast neutron [deal for neutron spectral
Notes personal neutron £esponse curve

dosimerry

prm‘idcd

acnsirix'm' > 101

characterization



Neutron spectrometer INFN

BTl (Bubble Tech. Ind., Ontario, Canada)

1. BDS 10 10kevV-20Mev  Six different types of

2. BDS 100 100 kev-20MeV  superheated drop detector, with
3. BDS 600 600 kev -20 MeV  different chemical compositions,
4. BDS 1000 1 MeV - 20 MeV different thresholds and

2. [BDE 250l 2> Mev-20MeV. anergetic responses

6. BDS 10000 10 MeV - 20 MeV .

LR | T IIIIII|| T IIIII”[/"“}\

Ll
BUBBLE DETECTOR SPECTROMETER
{UNIT SENSITIVITY =1)

L= 0

NORMALIZED RESPONSE (bubble/n.cm=2)

Three response curves sets Iin
correspondence of different

temperatures values (20 °C, 25 °C,  «ir————ss—t——t——ny
30 °C, 32.5 °C, 35 °C)
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Calibration [NEN

di Fisica Nucleare

241Am _»237Np +q + -Y
Ea = 5.49 MeV, Ey = 29 keV, Q = +5.64 MeV
Be + . —12C+n, Q =+5.7 MeV

Am-Be
source JRC
Ispra, VA

® Experimental neutron spectrum from
3.0 06 Marsh et al., NIM A366, p. 340-348

T Source: 370 GBq AmBe
Nation. Phys. Lab., Teddington (UK)

25+ —|_'_l | —— Original reference spectrum
of the AmBe neutron source

204
Experimental neutron spectrum obtained with
BDS spectrometer and unfolding code BUNTO
Source: 574 GBq AmBe

Joint Research Centre, Ispra (Italy)

Relative Intensity [a.u.]
o
1

neutron fluence per energy unit |[A.U.]
HOH

I ' I ' I . I * I , I ' 1
0 2 4 6 8 10 12
neutron energy [MeV]
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Emax r
- M; . detector response
. = . — J
|\/IJ IRJ (E)(DE (E)dE J=1.m R; (E) : response curve values
Enmin @.(E) : differential fluence
1 distribution of neutron
energy

m . number of energy thresholds

‘ Fredholm equatlons ‘ n : number of energy intervals

The analytical function R; (from
the BTl manual instruction) is
approximated by the matrix R; N

| M, =>R®, i=l.n
The system of integral equations is J = vt
transformed into a matrix system .
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B U N TO &Fgﬁ"s:ﬁ;‘ﬁ%

e It is based on BUNKI’s algorithm (SPUNIT),
which finds the non negative solution through a
iterative perturbation procedure.

e It can find a solution using a starting
information on the spectrum shape, but it can
also work in lack of information on the initial

BUNTO
IS the unfolding
code developed

spectrum. _ : _
e The solution @(E) is the calculated mean from N Tor'no_ to find
a number of spectra obtained by a random a solution to
generation of M; sampled on a normal the system of
distribution, whose parameters /7 and o are the Fredholm
final value and the associated uncertainty of the equations.

J detector.

e It can be used with different spectrometry
systems, If the response matrix of the detectors is
known.
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Fluence to dose ConverSiOn INF!‘:I“’"ST“

L

coefficients
Ambient dose
equivalent (H*(10)) -
at a point in a radiation = R "
field is the dose equivalent **1 R
produced by the e ., ar® i
corrisponding aligned field & 3°1 4" et
in the ICRU sphere at g 20 & .
depth 10 mm (ICRP74) 200 ]2 ) y
Effective dose (E) ”“‘_:;
Sum of the weighed 10 pe A Ambient dose equivalent per unit neutron fluence
equivalent dOSGS in a|| the 50? # Effective dose per unit neutron fluence
tissues and organ of the 0 , , . , , . ,
bOdy (ICRP74) i neutr;:n energy(Mev;!. ”

H*(10) is an operational quantity intended to provide a reasonable
estimate of the protection quantity E
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ASI balloon flights

High Mountain Observatories
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Geant 3: percentuali di equivalente
di dose ambientale relative alle varie
componenti dello sciame atmosferico
alla quota di 3600 m

20% bl

3%
4%

40%

I neutroni
[ protoni
I fotoni
[ elettroni
[ positroni
[ Imuoni
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High Mountain Laboratory

107 w—ms  STAZIONE DI RICERCA TESTA
4 1 GRIGIA
3o
-k T PLATEAUROSA’ 3480 m. as.l.
‘-':- 10‘4:5 ?:
g :
; 107 E
% 10°® y
2
107

10-8 llnlml ll“].ll.lj |||nu|] LI
107 10° 10" 102 10° 10* 10°
Neutron Energy [ MeV ]

Neutron spectrum at high mountain lab.

#Zanini et al. (1997), Matterhorn 3480m (650 Rl = AR - Researcher's

glcm?) <+«—— Reference Manual and Data Book” ELSEVIER
S—Merker (1973) 700 g/cm? (~ 3200 m) el R TO0.

4996, R ?é’n‘iﬁ]’“—"z'énini@to.infn.it Bulgaria March 31st 2006




neutrons/cm?/s/MeV

O Testa Grigia 3480 m, 11/1997, solar act.: 504 MV
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* Testa Grigia 3480 m, 03/2003, solar act.: 920 MV
ercece
%%%
R
(o]
Q
e}
10 1(|3‘ 16"— 1"tIJ3 1tIJ“ 1ll)5 .1.:)3
E_(MeV)
Results at Testa Grigia laboratory
»March 2003 - short range @
compared with g
]
»October 1997- wide range
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Simulazione GEANT
650g/cm’=3.7Km

b =1
a o

110"

-
-
-
o

-
L=
-

Dati spenmn
Cervinia 3.6km e

Neutrons flux (cm™s'MeV")
'a.l

=l
L= ]

o
>

S
=]
(%
=
=

10' 10° 10’ 10" 10’
Energy (MeV)

o
EI:
-
=]

Cornparison petweern experimerital data and sirnulation (GEANT code)
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10’ | CHACALTAYA 5400m I

10" ,
.;, ” "‘.’.'-.’I
i . Chacaltaya lab.,
..i} My A
[ ) A
2 10 o Sinmlazlzone GEANT Chacaltaya,
£ gl S0gomEsAm 5550 M 16°S
\,l. ]

X w0’ { "‘/ Vi
£ )/ La Paz,Bolivia
W qp S
S e A\
5 Dati sperimentali A
Z Chacaltaya 5.4km "‘.-.:

10° =

107 T TRkt 2000 7 T T

10" 10 10 10° 10 10
Energy (MeV)

Cornperison peiweer experimental daia

and sirnulation (GEANT codle)
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Sherimental results using the extended energy range systef...

(100keV-100 GeV)

Experimental data 1997 |

gl #— Chacaltaya data - 5260 m ‘ . — — - - X | .
5 0010 - ®Cenvinia data - 3500 m EAPERIMIENT GEOGRAPHIC
4.0x10™ 4 D/—\T J/_\
3 - Testa Grigia lab.,
§°77 ;. = Plateau Rosa, 3480 m, 45°N
o -_,- "L Matterhorn, Italy
1 2 Lk ™% Chacaltaya lab.,
b e Chacaltaya, 5260 m, 16°S
Eitiiai La Paz,Bolivia
- Experimental data 1997 | Fllght Ml'LA'Ml 12000 m
0 A Mi-L.A.-Mi data - 12000m
10_: m Chacaltaya data - 5260 m ‘
5 o altitude latitude integr.flux  dose rates
€ o m n/cm2/s H*(10) (mSv/h)
i ; 3480  45°N 0.09 0.12
10° ) 5260 16° S 0.12 0.15
N i " 12000 2.98 1.8
* 16‘9 1(|)" 1(|)° 1{)' 1};* 1{)’ 16‘ 165 1;)‘ it Buigal ;a i b;l o1l ZUUU

E, (MeV)



Lok xperimental results using the short energy range systgny.._.

Geant 3: percentuali di equivalente
di dose ambientale relative alle varie
componenti dello sciame atmosferico
alla quota di 12000 m

23%

neutroni 11%

protoni

fotoni

elettroni

positroni 5.9%

muoni 3.3%
2.8%

)

di Fisica Nucleare

Quota 12000 m
percentuali di equivalente di dose ambientale neutronica

in diversi range energetici dello spettro

22%

19%

0,
589% 0.32%

I 0.1 MeV<E, <20 MeV
I 20 MeV<E, <400 MeV
I 400 MeV<E <5 GeV
[ E >5 GeV

* Rome - Buenos Aires (12/11/2002 mean altitude 10443 m)
+ Rome - Tokyo (28/11/2002 mean altitude 10649m)

1+
1+ T4
= ] et
S ety
D & +
= 10- 7
"-m k-4 ++
Zlitalac o'.E ® " ++ +
C +
@ * trit+y
o -1
c
I 5 +
b= : Fapw T ++
g PERE
3 e Ty
c * +
0,1+ o
. . . . +
A. Zanini - zanini@to Fr————rrvm —
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Neutrons flux (cm™s 'MeV™)
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Stratospheric Balloons ASI base Trapani Italy w"’

di Fisica Nucleare

Quota 38000 m
equivalente di dose ambientale neutronica

in diversi range energetici

Geant 3: percentuali di equivalente
di dose ambientale relative alle varie
componenti dello sciame atmosferico
alla quota di 38000 m
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Balloon flights

& BIRBA1, mean altitude 29.4 km
O BIRBAZ2, mean altitude 14.6 km
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Jimmy neutron

In an old italian comics Philip Rembrandt, alias
Jimmy Neutron, is a detective with special
abilities due to an accidental exposure to
neutrons. His girlfriend Valentina Veloniineg
Rosselli, is the most known character :
created by Guido Crepax one of the
greates masters of the italian comic
strip genre .

o In a recent movie Jimmy Neutron is a
2 boy genius and way ahead of his friends,
but when it comes to being cool, he's a
y little behind. All until one day when his
8 parents, and parents all over Earth are
¥ kidnapped by aliens, it's up to him to
lead all the children of the world to
rescue their parents.

1965
NEUTRON

L'UOMO DALLO SGUARDO PA-
RALIZZATORE, MEDIANTE LE
SUE MICROCAMERE TELEVISIVE...
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Jimmy Phantom INEN .

The anthropomorphic phantom Jimmy has been designed and realized
by INFN Sez. Torino, in collaboration with JRC Varese.

It consists of a phantom in polyethylene
and plexiglas (tissue equivalent material),
with Inserted human bone In
correspondence of column; composition
follows the ICRP indications [1] .

Cavities are placed in correspondence of
critical organs and are suitable to allocate
passive dosemeters such as bubble
detectors, TLDs, makrofolds.

This system allows to evaluate the
neutron dose in depth

[1] ICRP -Recommendation of the International Commission on Radiological Protection, Pub. n.60, Oxford Pergamon (1991)

A. Zanini - zanini@to.infn.it Bulgaria March 31st 2006



Jimmy Phantom INFN

Istituto Nazionale
di Fisica Nucleare
:

Advantages

Cheap and easy-to-hand
phantom

ePossibility to obtain an
evaluation of the neutron
dose in critical organs

eThe holes can be used to

contain different detectors
(TLDs, bubble dosemeters,

polycarbonate folils)

e|t can be used for
biological samples
Irradiations.

Applications

Exposure under linear
accelerators

Calibration of personal
dosemeters (JRC Second
Standard Laboratory for
calibration of personal
dosemeters; Ispra, VA)

Dosimetric measurements
of cosmic ray neutron:
Intercontinental flights;
high mountains Lab.;
balloon flights.
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Jimmy Phantom (NN
Main physical characteristics:

e Total weight: 37.1 kg

e 6 plexiglas slabs (21.6 kQ)
8% H, 32%0 C, 60%0 O

e 1 big polyethylene slab (14.2 kg)
14.4%0 H, 85.6%0 C

e 1 human bone insert (1.2 kQ)
0.2%0 H, 41.4%0 O, 18.5%0 P, 39.996Ca

to simulate the spinal column

e Physical dimensions:

head: 13.5x15x19 cm3
neck: 11x10x13.5 cm3
trunk: height 59 cm, max width 36 cm, thickness 20 cm
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Jimmy Phantom INFN
Polyethylene | PMMA TE-liquid | Jimmy ICRU
tissue
H 11.2 (14.4 8 10.2 10.2 10.1
C 85.6 60 12 67.9 11.1
O 88.8 32 3.6 18.7 76.2
N 74.2 2.6
Bone (H, O, P, Ca) 3.2
p (kg/m3) 1000 | 920 1190 1070 1056 1000

Some commonly used tissue substitutes (mass percentage)
and comparison with the reference tissue (ICRU sphere)
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Jimmy Test Ll

Preliminary exposure of the phantom in front of Am/Be
source Ispra, Va (JRC):

-measure of neutron integral dose (BD-100R) and spectra
(BDS) in depth
- comparison with simulation results (MCNP-4B code).

£ o s Am-B I
4 a 1 ource Am-Be
E 0.55 S ritng e
2.0x10°9| Neutron spectra at gonads = 0.55 | activity: 5.99E11 Bq
;]| Source: Am-Be 2 0.50 4
1840 Activity: 5.99E11 Bq R
16x10° 4| neutron rate emission: 1.28E11 n/h = 0‘45“_ ® ®m  experimental data BD-100 R
— 2] S 0.40 - I . ® calculated data MCNP-4B code
& TG g ons ] * § neutron energy range: 100 keV- 20 MeV
§ 1.2q0°- g ] : .
£ . —a— experimental data = 030 b )
x 1.0x10° ] BDS spectrometer S : : .
E : s 0.25 ., s
= 8.0x10° 2 1 . s 8 |
S | —e— calculated data g 0.20 | N
3 6.0x10' MCNP-4B code 2 | : L] o
S soac - 8 %" f b ?
R § 010 bl B
4 - L
- =
20010 3 005
0.0+ T T T T T T T T T | B | T
0.01 01 1 10 G S & o® S ) A
@“? \eé,a & ,ﬁ? ﬁ% & éo‘”f' é\o“g .!*\\\o .s*‘\‘O\ & é}\o"’o ‘}b‘@ cP\\)és ‘}b@ d)\oés
neutron energy (MeV) K . S & & &N & & @Psp
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Fantoccio ——
1.4 -
Volo Roma-Tokyo ® BD100
- 1 confronto tra dati sperimentali B MCNP4B
E 15| e calcolo
q
[==]
[ ]
by :
o .
g 1,04 - .
3 !
b=
% 0,8 - i } ! ' ! *
S ' ® ] »
b » '
@ 7 L [
o ' 1
S o6- . d 5 :
0.4 — 1 T 1 ' 1 T 1 r 1 1 T 1T * 1 ° 1
.4056\:? o GQ\D"‘& ﬁ‘,\o“# éo'i‘@cp ‘no':\‘”s* o & &vﬁ-"ga ‘e-:@&
@
Tratta h media | BDS H*(10) rate | BDS E rate Euwvmy rate CARI 6 Erate|E smwmy/E CARI
(m) (uSv/h) (uSv/h) (uSv/h) (uSv/h) *100
Roma - Tokyo 10443 1,1 0,76 0,74 £ 0,10 3,6 21
Tokyo - Roma 10556 1,1 0,77 0,83 + 0,08 3,6 23
Roma - Buenos Aires 10649 0,53 0,36 0,36 = 0,04 1,7 21
Buenos Aires - Milano 10835 0,51 0,35 0,34 + 0,03 1,6 21
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Neutron spectrum

Intercontinental Alitalia flights

| Neutron spectra on board af Alitalia flights I

+ Narita-Fiumicino, 13/11/2002, h_ = 10556 m

w]

neutron ambient dose equivalent rate: 1.1 pSv/h ;in different energy rang:es

Contribu?ion of various type: i » -
Sk et vt ¢ AT * Buenos Aires - Malpensa, 29/11/2002, h_= 10835 m
¥ % i neutron ambient dose equivalent rate: 0.51 uSv/h
10° - *ox
*
*
* * +
10" o ** Trew e
- * +
" * +
1 ko k ok + 4+t
. * * *
* *
10"-1
' " 10° 10° 10!
energy (MeV)
Route mean alt. [ BDS neutron E rate (uSv/h) | CARI 6 total E rate [E sos/E CARI
(m) (100 keV<ENn<20 MeV) (uSv/h) *100
Roma - Tokyo 10443 0,76 3,6 21
Tokyo - Roma 10556 0,77 3,6 22
Roma - Buenos Aires 10649 0,36 1,7 21
Buenos Aires - Roma 10835 0,35 1,6 22
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Dose at organs INFN
Tokyo — Rome path

[—Jneutron H rate (as NCRP 38) measured with BD100 bubble dec. (100 keV < E_< 20 MeV)
[ neutron H_rate calculated from BDS spectrum and ICRP74 conversion coefficients
(100 keV < E, < 20 MeV)

14 < l

iEg A
S IILE |-

0.4 -

neutron dose rate at organ (uSv/h)
|
—
—
|
|
]
|

0.2 -

0.0

& & 5
R N - N A R e
& &

comparison between experimental BD100OR H rates at organ
position aaddH kitesatekulaibeainveith FTNREB tinanspedsof ¢de

spegscuat WD ICREet convn dbefp{@ydmasidwation
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Neutron spectrum INFN
Testa Grigia research station (3480 m)

BREUIL — CERVINIA (ITALY) 45°56’03” N, 07°42'28” E e

i

. A ~ N h
3 ' \
3.0x10” ©  —O—Testa Grigia 3480 m, 1997, solar act.: 500 MV &, \

1

- -% - - Testa Grigia 3480 m, 2003, solar act.: 920 MV ?

2

neutrons/cm’/s

E_(MeV)

BDS (100 keV-20MeV) and ICRP74
conv. coeff.
H*(10)rate = (0.030 = 20%06) uSv/h

E rate = (0.017 £ 20%0) uSv/h



)

D O S e at O r g a n S w ?‘:ﬁiﬁl’fﬁi‘iﬁ:

Testa Grigia research station (3480 m) Jﬁ

[ neutron H (as NCRP 38) rate measured with BD100 bubble dec. (100 keV < E_< 20 MeV)v) T: f
neutron H_ rate calculated from BDS spectrum and ICRP74 conversion coefficients
(100 keV < E_ < 20 MeV)
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Neutron spectrum -

Istituto Nazionale

Balloon flight s
B I RBA AS I fl Ight BIRBA1 luglio 2001

volo Trapani Siviglia

Trapani-Sevilla 10 h max 38000 m
MaX altltUde 38000 m 10° Ta i Dati Hess

u
> 10 o o _ 20guiem’=26 ki
I\/Iean AIt 29400 m = 0 AR
- -E 10 k4 u - &
oria ! 12001 - Net: o L3 ™
BIREA 1 Lanci: £ i v - A
g 1w v » -
£ 1 / L n a a Risultati sperimentali
. L i
@ 107 Dati Hess - i/
€ 5 1030griem’=0 k ¥y
g 10 griem'=0 km
107 !
E 10 Dati Hess ® v "
e . Ogriem’=50 km B
5 10
a ;
=

1w 10 10 10% 107 107t 10t 10”10t 10" 10" 107 10t 10t 1o°
E, (MeV)

BDS (100 keV-20MeV)

H*(10)rate = (0.62 £ 20%) uSv/h
E rate = (0.29 = 20%) uSv/h
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Dose at organs -
Balloon flight

[——Jneutron H (as NCRP 38) rate measured with BD100 bubble dec. (100 keV < E_< 20 MeV)

[ neutron H_rate calculated from BDS spectrum and ICRP74 conversion coefficients
(100 keV < E_< 20 MeV)

1.0 =

e [T

neutron dose rate at organ (wSv/h)

0.2 -

0.0

&

E0Mparisen between experimental BD1OOR H rates at ergan pesitl

and H. reiesscabeulatedraidinly@NPAR dsanepOsh @dtiDmMeasUCHP (A
EpAGtroseth tDe/anantPw pimulation
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Comparison at different altitudes

Measured organ dose rates

B Lab. Testa Grigia h=3480 m
(7] Birba balloon flight, h___ = 38000 m
I Alitalia flight B.A. - Malpensa, h___ = 10835 m

| Alitalia flight Tokyo - Roma h"_“| = 10556 m

< Approximated effective dose rates
2
- ,
g altitude (m) E jimmy (MSV/D)
g (100 keV< En < 20 MeV)
o 3480 (Testa Grigia) 0.021 +0.004
T
10835 (B. A. — Malpensa) | 0.36 +0.07
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Estimated effective dose rate (uSv/h)

)

Estimated neutron effective doseSmm

neutron energy (100 keV — 20 MeV)

Bl Effective dose rate from BDS spectrum
] Effective dose rate from Jimmy organ dose rates

1=

o
-
1

0.01 -

Testa Grigia BIRBA Bue-Roma Tokyo-Roma
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INFN
(o=
MEDICAL APPLICATIONS
MonteCarlo simulations MCNP4C  neutron and photon transport

MCNPGN photoneutron production

Experimental method Bubble detectors BDT, BD-PND
BDS spectrometer (10 keV- 20MeV)
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’MC code and Experimental Detection System (N*!

Simulation code:

MCNP-GN
e New routine GAMMAN in

MCNP4B —— MCNP-GN:

photoneutron generation
and transport

« The new code MCNP-GN
especially aimed at
modelling complex
geometry with suitable
variance reduction
techniques

Experimental Phantom
measurements:

Bubble detectors: |
BD-100R Anthropomorphic

BDS spectrometer phantom: JIMMY

and unfolding  Tissue equivalent
technique: BUNTO . cavities in critical
organs positions

« Evaluation of neutron (ICRP 60)

spectra at the patient . :
P P e Conservative with

plane. respect to standard
« Evaluation of neutron phantom (ICRU

Spectrain tissue sphere and water

equivalent phantom. phantom)
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)
Monte Carlo code: MCNP-GN (VX

Developed to treat (y,n) neutron production in high and low Z
elements and transport in matter, for energies below 30 MeV.

Photoneutron production: MCNP4B-GN capabilities:

e Cross section "Atlas of photoneutron

The code allows to calculate: g
Cross section”, Bernan.

« coordinates of the point of e Both (y,n) and (y,2n) reactions have

generation been considered.
* energetic spectrum e Evaporative model:
« angular distribution IcS)S\} :rﬁ)ecr;egular distribution used for

e Direct model:
used for high energies (E,> 3 MeV),

Follows the MNCP transport angular distribution:
oS f(@) = a+ b sin26

Photoneutron transport:

A. Zanini - zanini@to.infn.it Bulgaria March 31st 2006



d The method forces at least one neutron Pphoton
to be created in each history beam | i

vy N

e e ) .

O The neutron creation point /is chosen 7
among all the N photon interaction SLAB

points during the history Photoneutron production

O Having forced the neutron production a F(i) :ZU<%”>J(EN)
compensating weight is attached to -1
each source neutron to account for the N
real neutron creation probability Otor = Zizl

O'iot

O (y.n),

@ F(i-1) < r < F(i)

The weight is calculated employing Statistical weight
the neutron production cross sections
together with the total photon cross W=o,, (E;/)/Gtot (Ey)
sections

The Monte Carlo code MCNP4B-GN INFN
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)
N

- - INF
Experimental Detection System & =
Bubble detectors for neutron dosimetry

Calibrated in terms of dose equivalent (NCRP 38)

Integral dosemeter: Neutron spectrometer BDS

BD-100R fast neutron

temperature dependence

BD-PND fast neutron

compensation for sensityvity change with
temperature over the operation range of 20-27°C) coupled with an unfolding code

Six detectors with different
energy threshold

BDT thermal neutron

Spectral distribution
Integral dose of the neutron field
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Radiotherapy with Linac’s BNCT treatments
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)
Photoneutron production ..

WHERE?

Accelerator head Threshold energy (y,n):

Neutron Accelerator head Human body
leakage
./k W: 7.42 MeV P: 12.3 MeV
‘ Al: 8 MeV Ca: 15.6 MeV
' \ ' Garnma bearm Cu: 9 MeV C: 18.7 MeV
\ Fe: 10.9 MeV O: 15.7 MeV
_'ﬁgﬁ‘ o
| o 1@1
24 E |
iro @M
5.l ; s II&
| .fi H “ { ) 11 |
!L A b lll’[ 1!“
013 zo T R

Photon Energy - MeV
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| Acceleratore | Modello MV @) deviaz. Valori pubblicati
x10'? neutroni/Gy standard di Q (x10%2
x10'? neutroni/Gy neutroni/Gy )

Varian 1800 10 0.06
Varian 1800 15 0.76
Varian 1800 18 1.22
Varian 2100C 18 0.96 0.11

Varian 2100C** 18 0.87

Varian 2300CD 18 0.95 0.03

Varian 2500 24 0.77

Siemens MD2 10 0.08

Siemens MD 15 0.20 0.02

Siemens KD 18 0.88 0.10

Siemens KD 20 0.92
Siemens Primus* 10 0.02

Siemens Primus* 15 0.12

Siemens Primus** 15 0.21

Siemens Primus 15 0.20
Elekta SL-20 17 0.69
Elekta SL-20 18 0.46

Elekta SL-25 18 0.46

Elekta SL-25 22 2.37
Elekta SL-25 25 1.44 0.31

GE Saturne 41 12 0.24
GE Saturne 41 15 0.47
GE Saturne 43 18 1.32 1.50
GE Saturne 43 25 2.40

“Neutron
source
strength
measurement
s for Varian,
Simens,
Elekta, and
General
Electric linear
accelerators”

DEVILIESY
Followill et al.

Department
of radiation
Physics, The
University of
Texas



Undesired

Improvement of collimation
techniques : MLF — IMRT

Better definition of target

volume
BUT
Escalation of tumor dose

!

Increased efficacy of
the treatment

- -
Istituto Nazionale
di Fisica Nucleare

e |[ncreased number of MU
(Monitor Units)

e Increased undesired dose
outside the target volume

More photon leakage

Increased photoneutron
production

in the accelerator head
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E I e kta S I it Wi th I\/I LC &Figiﬁfn”&iﬁ;‘ﬂi

Measurements at LINAC: Technical details:

Lund Hospital Onkologik Klinik
| Photon beam: E : 18MeV

: / Target: Tungsten
g
: %; ur““ _ Primary collimator: Tungsten
’ — }B \\ Flattening filter: Stainless Steel

Multileaf Collimator (x): Tungsten
Jaws (x): Tungsten

Jaws (y): Tungsten
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Neutron spectra at patient plane *%....

Patient plane

SSD =100 cm . COmpar|SOn .betwe'en measurements
Dose rate: I X and simulation results
100UM/Gy !

|

Photon field 10x10 cm? 1.4x10° - L und Hospital Onkologik Kiinlk I Neutron spectra at the patient plane
| 1 . 15 cm from isocentre
I 1210 ‘ Photon field 10x10cm?
————|———|———|— —-I-——I————> : ] SSD=100 cm
ISOCHNTRE y 1.0x10° —=— MCNP-GN results

int flu 5.2E6+2% neutrons cm ~ Gy’
; —®— BDS measurements

| int flu 4.10E6+20% neutrons cm ™~ Gy’

-15cm -8cm —3cni 3cm 8cm 15cm o

neutron fluence (neutron cmi’ Gy")

| 6.0x10° -
) 4.0x105-.
The data are normalizedto 1 Gy ¢
photon dose that is the energy | -
released at build up in a water oot or 1T o
phantom. Energy (MeV)

The build up is at 3cm depth for a 18 MeV end point beam
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Collimation Techniques - s

e Wedges
e MLC (Multi-Leaf Collimators)
e IMRT (Intensity Modulated Radiotherapy

!

The number of MU (Monitor Units ) to give 1 Gy
gamma dose at build up depends from collimation

l

The undesired neutron dose depends from collimation and it is related to MU
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3D Grid
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Tecniche di collimazione (MILC) INFEN

e 1 Multi-Leaf Collimator (sagomatore di fascio

multilamellare) ¢ un accessorio, gestito da un
computer dedicato, che consente di creare schermi
personalizzati in tempi brevi e con la massima
precisione.

* I1 Multi-Leaf Collimator ¢ posto all'interno della
testata dell'Acceleratore Lineare ed € costituito da un

numero variabile di lamine di materiale ad alto Z,
opaco alle radiazioni, poste in modo speculare.

* Posizionando in modo diverso le singole lamine, si
possono ottenere campi di irradiazione anche molto
complessi.

* La grande innovazione apportata dal Multi-Leaf
Collimator, tuttavia, risiede nella possibilita di variare
la forma del campo di irradiazione anche durante

A. Zanini - zanini @todsRERZIBMIgartd UNRBImgosa zposuta di radioterapia.




(IMRT)

|| = Piostate 5 Field - Model View

Tecniche di collimazione IN

Radioterapia con fasci ad
intensita modulata (IMRT)

Questa modalita di radioterapia
prevede l'utilizzo di collimatori
multilamellari. Nel corso del
trattamento le lamelle del
collimatore st muovono
sull’area da irradiare con una
sequenza stabilita e controllata
da un computer, mentre la
macchina eroga il fascio di
radiazioni. In questo modo ¢
possibile conformare la fluenza
del fascio di radiazioni all’area
da irradiare con una maggiore
precisione rispetto alla

radioterapia conformazionale.
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Neutron spectra at patient plane ("%....

Neutron spectra at the patient
plane carried out with different
collimator configurations

Comparison between
different accelerators

Neutron spectra at the patient plane
Distance from isocentre: 15cm

Neutron spectra at the patient plane 3.5x10° 4
2.1x10° 7 i i
15 cm from isocentre - photon field 10x10cm’ J II?CC C:andlolo, Varian 2300 CD
1l code MCNP-4B | simulation code: MCNP-GN

T 1.8x10° o 3.0x10°+

é“ > 2 2
s | p —m— Jaws 40x40cm”, MLC 10x10cm
E 15x10° £ 25x10°+ Jaws 10x10cm’, MLC 40x40cm’
c Varian 2300 CD 18 MeV £ —=— Jaws 10x10cm’, MLC clinical config.
g 1.2x10° with ML(_.‘. - Candiolo (Turin, Italy) E 20x10°-

3 ] —e— Elekta Slit 18 MeV 2

£ . with MLC - Lund (Sweden) £

o 9.0x10° o 1.5x10°

o Q

g 1 &

@

2 6.0x10° 2 1.0x10°

c 1 1 =4

o i o

£ 3.0x10° £ 5.0x10°

2 - e —

0.0 L — R —— R——— S S 0.0
0.01 0.1 1 10 0.01 01 1 10
energy (MeV) Energy (MeV)
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integral fluence 10keV - 20MeV

2

Neutron spectra at the patient plane

Neutron fluence at the patient plane

2.7x10 IRCC Candiolo, Varian 2300 CD 18 MV x-ray beam
Simulation results, code: MCNP-GN
7
2.4x10 A
% —O—jaws 10x10 MLC 40x40
2.1x10" —#— jaws 40x40 MLC 10x10
—0— jaws 10x10 MLC clinical config,
-y 7
> |
£
2 1.5x10'
£
]
£1.2x10- —
9.0x10°
=]
6.0x10° —
2 6 8 10 12 14 16

e ——

distance from isocentre (cm)

neutron ambient dose equivalent (mSv Gy b)

)
INFN

Istituto Nazionale
di Fisica Nucleare

Neutron dose at the patient plane

4.0 I IRCC Candiolo, Varian 2300 CD 18 MV x-ray beam
] = Simulation results, code: MCNP-GN
3.64
1 —O— jaws 10x10 MLC 40x40
394 —e— jaws 40x40 MLC 10x10
' | —— jaws 10x10 MLC clinical config.
28 - *-\—\_&
. L
244 &
2.0- \é
1.6
1.2 1
g
T ' | ' T T T J T T T T 1
2 - 6 8 10 12 14 16

distance from isocentre (cm)
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neutron cm”Gy

Candiolo Varian 2300 CD
. Simulation results —=&— neutron fluence at 3 cm from isocentre
1.4x10° 9| jaws 10x10

4| multileaf 40x40

1.2x10°

1.0x10°

o

5

) ()
Q =]
x x
3 2
o o

1

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 001 0.1 1 10 100

energy (MeV)

La presenza del fantoccio comporta:

« aumento della componente termica

Istituto Nazionale
di Fisica Nucleare

Spettro neutronico
alle gonadi (z =2 cm)

A. Zanini - zanini@to.infn.it

neutrons/cm’/Gy

2.0x10°
1.8x10° o
1.6x10° 4 ﬁ ®  fluence at gonads |
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6 | n
1.2x10° T

1 £
1.0x10° A . 7

1 ; e
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5 [] [ +
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5 | ~ = Y AAﬂij oy
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-2.0x10°
110 100

1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
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Neutron spectra in depth Ot

Organ x y 2 | Comparison between measurements and
Left kidney | 4 17.8 | 16 simulation results

—&— MCNP-GN results

I Lund Hospital Onkologik Klinik

e 4_ int flu: 1.36E5£3% ncm” Gy~
Irradiation at gonads SSD 1m 4x10 int H*(10): 0.04644% mSv/Gy | ELEKTA SLIT with MLC
3 | photon beam 18MV
—m=— BDS measurements k-
3x10° int flu: 1.23E05£20% n cm” Gy Neutron spectra in depth:
int H*(10): 0.044£20% mSV/G LEFT KIDNEY

2x10* -

1x10* -

neutron fluence (neutron cm’ Gy")

Energy (MeV)

Photon field at the patient plane 10x10 cm?
The data are normalized to 1 Gy photon dose that is the energy
released at build up in a water phantom.
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Photoneutron spectra in depth

Comparison between neutron spectra at different depths
calculated with MCNP-GN

Liver:
x=-5;y=36.5;z=6 cm _
2.0x10° A
. 5 ] ' fl li
colon dx: 18110 2" fuence at colon d
X=-7.5;y=26.7; z= 10.1 cm Lexio” fluence at kidney dx
1.4x10° -
kidney dx: & 1m0
x=-5.5; y= 29; z=16 cm § 1]
S 8.0x10 j
3 6.0x10° 5
Attenuazione dei el IS PP
- . 2.0x10% 1 , ' !
neutroni nel materiale 0o ] . 5
-2.0x10“~ ———rrr —————rrr —————rry
0.01 01 1 10

Energy (MeV)
al crescere della

profondita I'altezza del
picco diminuisce
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neutron dose Iin depth /v~

 Photon field =10x10 cm?
o dose rate = 100 UM/Gy

Lund Hospital Onkologik Klinik

H (mSv/Gy)

o
()
|

0.1 -

0.0 -

ELEKTA SLIT with MLC
photon beam 18MV

«SSD =100 cm
*Energy range: 100 keV — 20 MeV

T I .
et g2 0% A0® L0 0D 10O (O
eI I

2% \e©
S e“_

o
R

dose equivalent in depth
[ 6 cm depth
1 10.1 cm depth

Bl 14.3 cm depth
B 16.3 cm depth

T
WO o
\o¥ {\9“3‘5&30

 The organs are
arranged layer by layer

* The organs in each
layer are arranged in
Increasing distance
from isocentre

Integral measurements:
BD-100R, calibrated in
H (HCRP 38)
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ICrossed beams treatment to bladder{*"~....

Three photon fields:
0° AP irradiation -
90° lateral irradiation | Lead alloy wedges are used in lateral

270°lateral irradiation | photon fields for a better dose distribution

treatment planning to bladder in a patient
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patient

wedge or block
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= Crossed beams treatment to bladder™ ...

Dose rate: 100 UM/Gy | |
3 photon field 10x10cm? treatment planning to bladder in a

phantom Neutron Energy range detected:

dose delivered in the
100 keV — 20 MeV detector: BD100R

tumor area O 1 Gy

Lund Hospital Onkologik Klinik —1 qose equivalent i_n depth
ELEKTA SLIT with MLC in a treatment with three
photon beam 18MV crossed beams

H (mSv/Gy)
o
w
|
T
A
[

0.2- %

0.1

0.0 ) A
S p—
esV'

e \o‘“ \q(“‘@e.\e
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H (mSv/Gy)

Crossed beams treatment to bladderi/“

Undesired neutron dose in a real treatment compared with the neutron dose

measured during an exposure to ONE photon beam
Neutron Energy range detected : 100 keV — 20 MeV

Lund Hospital Onkologik Klinik

[ 1 Real treatment

ELEKTA SLIT with MLC Organ
0.6+ photon beam 18MV liver
l esophagus
- right colon
1] (17 {17 R left colon
0.4 Higher neutron doses h
in deeper organs stomac
right lung
sk left lung
][ thyroid
S % T %‘% % % brain
0.1 11 spleen
0.0 { l&l!ﬂﬂ—
N of o® o P e® o &Y
na?;,\\'tc'& v<n°°\ 0“«> S ««*!‘o O Q% 0% o 8T g

\@ O\ﬂ ‘\92*66 0

oneybeam RT
mSv/Gy
0.41
0.45
0.45
0.37
0.18
0.26
0.15
0.20
0.30
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Conclusions

» The spectrometry based on passive detector system gives good
results both

e in the extended range

100 keV-100 GeV ( environment neutron dosimetry )
e in the short range

10 keV-20 MeV ( medical end environment dosimetry)

e The use of anthropomorphic tissue-equivalent phantom allows the
evaluation of dose equivalent distribution in critical organs.

» Work in progress
e Extension of spectrometry energy range to low energies

(Thermal -10 keV) by new detectors based on BDT bubble detectors
shielded by layers of Cd and polyetilene
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Photoconverter for Linac Saturne 18 MV

D-D fusion source
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Photoconverter
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“Small Prototype” Measurements in Como S.Anna Hospital (8/2005)

o e s
-~ L

= r‘:“-.'rl‘ 3

|

Filling the Heavy Water Box

Transporting in the hospital radiotherapy room. Positioning 1n front of the accelerator head.



Forth configuration IN
L—/ d:::
X 20cm .
ZOtm

! =

T
L |

REATMENT CAVITY|
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CONFIG. CALOTTE (C;oH12) NN

CONFIGURAZIONE CALOTTE (C, H, )

18x107 — THERMAL
| 1.31E-6 (nicm?/e)
1,6x107" 4 3%
4 ] —e—flusso cavita = 1.79E-6 (n/cm?/PS) (calotte, riflettore, C,H..)
1,4x107" 4
A~ 1,2x107 —
()
S -
LE, 1,0x10" 4
~~
5 J
< 8 EPITHERMAL FAST
5 8.0x10 " 3.05E-7 (n/cm?/e) 1.80E-7 (n/cm?/e’)
LL . 17% 10%
5 6,0x10° -
g .
= 4,0x10°
2,0x10°
0,0 - Tmm%
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1x10° 1x10* 107 10°° 10" 10° 10"
Energy (MeV)
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Nuova conﬁgurazione
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INFN

Spettro neutronico all’interno della cavita (no filtri) i
NEUTRON FLUX CAVITA'
(no filtri; 25 M eV ; plexiglas;aria)
6 0x10°" THERMAL —e—flusso cavita = 6.40E-7 (n/cm?/PS)
.UX -
3.86E-7 (n/fcm?/PS)
. 60%
-8
5.0x10 " EPITHERMAL EAST
. 4 1.34E-7 (n/cm?/PS) 1.21E-7 (nfcm?/PS)
o s oxio" 21% 19%
S .UX
e
L
S
X 3.0x10°
(e
c
o
5 2.0x10°
D
pd
1.0x10°
0.0
10°® 1077 10° 10° 107" 10° 107 107 10° 10*

Energy (MeV)
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New Configuration (photon) INFN

Istituto Nazionale
di Fisica Nucleare

JZdmMCne PLOT WINDOW =[Ol x|

06/23/05 12:36:05
25 MeV PHoNeS, Torino.

probid = 06/23/05 12:34:40
basis:

£ 1. 006000, 0. 000000, 0.000000)

¢ 0. 000000, 0. 000060, -1. GO00GG)

origin:

¢ 6. 06, 0. 60, 51. 60)

extent = {  65.00, £5.00) s .
I
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Neutron spectra inside the treatment cavity &FN |
7
1,6x10 - —e— Flusso cavitd = 1.73E8 n/cm?/s
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6
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Energy (MeV)

A. Zanini - zanini@to.infn.it Bulgaria March 31st 2006

10




Flusso in profondita (nuova configurazione) INFN

Istituto Nazionale
di Fisica Nucleare

Flusso in profondita

1,4x107 5
1,2x10" o
1 ' —e—Flusso cavita = 1.73E8 n/cm?/s
7

- 1,0x10" —e—1cm =7.79E7 nlcm?/s
NE A _ 2
% 8.0x10° i 2cm =4.69E7 n/lcm~/s
‘; i —e—3cm = 3.56E7 n/cm?/s
o
L 6,0x10° —e—5cm = 2.82E7 n/lcm?/s
[
O -
5
(D]
Z

Energy (MeV)
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INFN

Hituto Nazionale

BSA realizzato con MCNP-4C

‘olonna epitermica: 19 em MgF, + 6.5 cm Al + 10 em MgF, + 5 Al + 5 air;
dimensione del fascio 20x20 ¢cm?

Distanza tra il centro della sorgente e la finestra di uscita del fascio= 80 em

Lithiated polyethylene= 5 cr Copper Plasma chamber +

Air water cooling

RF antenna:
quartz
waler |

Targe
cooling

Lead + Antimony E
gxtraction grid

WaleT pipl:n

y y n
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INFN
Neutron spectrum at beam exit window

(Neutron yield 1E11 s7')
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