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Introduction INFN

e LiBANS [e Linac Based Actively-monitored Neutron Sources]
I.N.E.N project (Interdisciplinary Applications)
[LNE Milano, Torino and Trieste]
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Neutron Facility @ Torino LI-IiFN |

gammas
M LINACarm

Photoconverter

M. Costa - INFN Torino
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M. Costa INFN Torino

LINAC ELEKTA SL18 / PRECISE INFN

Istituto Nazionale
di Fisica Nucleare

Primary e-Energies: 15MeV / 18MeV
Electron or gamma output modes
Tunable rate-Tunable field aperture

Typical current: 1, ~10' e-/s
PULSED beam (repetition 100-400Hz,
duration 2 -3 pus)

Two possible QUTPUTSs:

1- mono energetic electron beam
{e-mode)

2- Bremsstrahlung photonson a
internal target (y-mode)

Set of collimatorsand filtersto
R shape the beam (for clinicalapp.)
Rotating carousel:
* = 5 possible beam
configurationsin parallel
* lonization chamber:togive
feedbackto the injection
system :
* The outputis measuredin Flattening filter
Monitor Units
« 1 M.U.=1cGy atisocenter
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Neutrons Productioninthe Linacy-mode INFN

Istituto Nazionale
di Fisica Nucleare

Fastneutron
emission by {y,n)

Linac

colli mators
Electrons Linac Target %

X-ray emission
by Bremsstrahlung

M. Costa INFN Torino
0
0

LINAC as gamma source Photo-converter

Aim: to maximise the thermal or epithermal neutrons production limiting fast
neutrons and photons contamination inside the experimental cavity
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Photo-neutron conversion w"’
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M. Costa INFN Torino

Experime
cavity

/')

Thermal neutron fotoconverter INFN

~ Istituto Nazionale
di Fisica Nucleare

Extensive MCNP6 simulation studies

NB. All informations are given per source particle
= LINAC electron current should be a known parameter

B i

B e farget
Graphite

] Heavy water

B Tungsten furget
Polyethylene

Juws
collimator

Incident photon heam

TREDI 2019

W +Pb target = productionand
gamma shielding

D,0 and Graphite 2 moderation and
reflection

Boron carbide in polyepoxide =
capture of thermalneutron going out
of the photoconverter

Thin lead shield = for capture
photons from carbon andboron



M. Costa INFN Torino

Thermal vs Epithermal LFN |

Experimental
cavity

I Teflon

I:I Aluminum

-_+_-

Incident photon heam
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M. Costa INFN Tarino

Thermal Photo-Converter E=18 MeV

Neutrons and Photons Energy Spectrum

E d/dE (cm™ per source particle)

x10* :
iE i = peutrons
25— .-.f..:.. il il w photons
-, 83%
'52_ ‘ | ; : (R
- L : 1
| — .
Foo. i . 1 2%
L . L 1
5— 3 L 1 1
= . [ 1
F .. I : i.‘l.'h._
‘n 8 2

10! 1 10
Energy (MeV)

MNCP6 simulation

Standard working conditions

Assuming working rate at 400 MU/min:
Energy 18 MeV

Electron current on target 1.05x10%e-/s
Distance linac target—y-converter: 59 cm

IAEA in air free beam parameter:

£
L 1,77 1073 Gy cm?

)

Istituto Nazionale
di Fisica Nucleare

il
— —1.03x10712Gy em?
Pth

Dymeas = (66 + 0.2)22

A

Fluence rate in cavity
E—————

Dose rate in l:avity

thermal

@g +0.02)*10° cm% 3%

(6.04 £0.02)*107 pSv &1

67%
epitharmal (3.27 £0] Emiteh 15% {1.04 +0.01]*107 pSv s 2%
)
fast {046 +0.011*10% cm s 2% {1.87 +0.02]*107 pSv g1 210
0
garmma 8.22*10%emi?s? 5.05*10% pSv st
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Thermal Neutron Detector Development INFN

Istituto Nazionale
di Fisica Nucleare

However long exposures or repetitive ones, force
us to explore the use of more radiation resistant
material = larger Energy gap semiconductor

¥

Appropriate radiator material

They should be: Si-TNRD
« Active Basedon:
« Low noise - $3590-09 HAMAMATSU diodes
s e N 5 8 )
g/lmllrlnglsensn_tl\nty to Photons o ‘ Active area:
mall dimension D 'i lem?
* Able to measurerates10?-108 necm?2stand 2 -
2 resist anintegrated Fluence “10'3 necm 8 B
e » Cheap =
z QO
o a
= For absolute and punctual fluence rate @ eadin
< oy ; a )
8 measurement cc?mmon silicon substrate devices & saliiz IV phitodledes
s like TNRD are suitable. o Betive aregs O.s — 706 mil
[
4+~
W
el
=
L% ]
(o]

* With this aim, Si-carbide (SiC) detectors
have been studied
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Readout electronics INFN

Istituto Nazionale
di Fisica Nucleare

Canoperate in pulse or current mode:

Pulse mode: through a traditional nuclear spectrometry chain formed bya charge sensitive preamplifier (CSP)
and a Gaussian shaping amplifier based on CREMAT components,

Current mode: This relies on a custom ultralow current analog board that drives the radiation-induced current

(tens of fA or higher) to a resistor, making it measurable asa voltage drop.
By changing this resistor, differentamplification values (labeled 1x and 0.1x) can be chosen, according

to the differant sensitivity of the tested devices.

Commercial digitizers are used in both current and pulse modesto transfer the information to a PC.

charge preamplifier shaping amplifier

CR-110 CR-200

M. Costa INFN Torino

12345678 broadband amplifier 12345678

(optional) I

— Lioput

LabVIEW

detector =~

s

Digitizer NI USB G366

TREDI 2019



Li6(n,tot)

cross section

Cross Section (b)

Made out of 2 silicon diodes, one sensitized to
thermal neutrons with 6LiF deposition

8Li+n— 3H(2.73 MeV) + a(2.05MeV)

TNRD Thermal Neutron Rate Detector

[1] Radiat. Prot. Dosim. (2014) 161 241-244

nterm

DIODE 2 [ Background

* Differential readout

fher

ma

epit

her:

ma

:fas’; * Minimal gamma sensitivity

 Range: from few cm2 s*! up to 107 cm? s/
* Unbiased (20um depletion depth)

CV HPK 53590

— Li-B(n,tot) ENDF/BMVILL

£ 1E0 1EL 1E2 1E3
Incident Neutron Energy (V)

Neutron energy

Bias Voltage
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TNRD Calibration

Calibration at ENEA Casaccia (RM) TRIGA Reactor (100kVV — |MW)

Calibration factor:
F = 0.249 uV¥cm%*s (unc.2%)
TNRD Linearity

1,8
1,6

y =0,0015x + 0,0312
R?=0,9988

0 200 400 600 800 1000 1200
Thermal power reactor (kW)

TREDI 2019



Thermal neutron fluence rate (cm-2 s-1)

Measurements results - linearity

TNRD detector

2 50E+06 -

Linear dependence of the neutron fluence rate
on the linac dose rate (MU/min)

2,00E+06 -

150E+06

H 18 MeV
—f(x)=4.50E+3 x

¢ 15 MeV
—f(x)=2.13E+3 x
18 MeV FFF
f(x)=3.47E+3 x

1,00E+06 -

5,00E+05 -

0,00E+00 -
0.0

100,0 200,0 300,0 400,0 500,0 600,0 700,0
Linac dose rate (MU/min)

e-Linac pulses

\ 4

neutron pulses

in the cavity

E-LiBANS thermal cavity central position, 18 MV, 400 MU/min:

&, = (1.75 £ 0.04)10° cm ™2 s 1

TNRDs work in a pulsed field

1,600E+0-7

66 MU/min

1.200E+0-

LO00E+0-

8000E-1-+ |
I

6,000E-1~

Volt

— ‘\ L

0,000 +0 5=

-2,0006-1-, L . | ; .
000Es0  200E+3  400Es3  GOOEs3  BO0Ee3  LOOE+d

133 MU/min

Volt

&

200E:3  400E+3  GOOEs3  BO0E+3  100E+d

sample number




Based on commercial Silicon Carbide Detector INFN

Istituto Nazionale
di Fisica Nucleare

* SGo1XL by SGLux gmbh

* 7.6 mm? active area

* TO:Ni plated housing h=4.7 mm Unfiltered & Uncovered

+ leakage current smaller <1 pA & Cin the order of hundreds of pF

Q . ¥
s when the bias voltage is 20 V or lower.
o
Z * Typical depletion layers are of the order of few microns
E 7 at few tens of volts bias voltage. S
7 E 25 " g =
Q f & £ 0.008 e
b £ o , * It can work UNBIASED: 5 ”
- - 5 -
= .0 »7 O 1 micron depletion depth @ Vbias=0V 5 oo : }gm
: 3 il
i | Enough_ for highly |0r_||zmg particles /EMW ;| %I"W'{
Tests with alpha particles from 2*'Am ; ; 1\
JWW‘M O .

o

(=]

5 s 1 s w2 n s o = Minimize photon sensitivity o a0 00 1200
Reverse bias voltage (V) Pulse height [mV]

TREDI 2019



Istituto Nazionale
di Fisica Nucleare

®Li+n - 3H(2.73 MeV) + a(2.05MeV)
Q : . — Eo3
c ®LiF deposit process optimized to maximize
G
2 the thermal neutron capture probability
E = - 0.04 —
z - Exposed toe_LIBANS field S e
e — -|®- @ - @ oirerncs s
H 300 =
8 < 003 with SLiF [ “
a i
2 B E il g v . .
O £ 200 F 5 g _— Relative Diff
L = o ; @ 7
@ § N |witheur g 4 w/o SLiF o v 97%
-1 - 2 g ,
o 3 100 o 2 L7
d 5] | 85| 8001— x
o o M < w/o SLiF
01— 0 e i I { T T 0 |+'['+f""7‘7 -?'+-| o _|- — - 1_+1 |
0 WUPutse hés&‘ (mwmu 1600 0 mgurse h;g%t (mv;zoo 1600 0 100 200M,U:?Drgin"400 500 600
Pulse mode (meas.time 180s) Current mode
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M. Costa INFN Torino

4x4 Si-Carbide Matrix

INFN

Istituto Nazionale
di Fisica Nucleare

Pulse mode

W | Pl
'ﬁn] e "\f!

}'_ The 10081 mz
Iul a7a74 msul

tﬂ“i]m]

{350
s A0l 5a1 q-nn}’isu

Parallel readout to monitor
the field in the cavity

Signal = 50 mV
Averaged over 1 s
Noise =0.1 mV.

Sampling rate 1 kHz

TREDI 2019
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M. Costa INFN Torino

LINAC Measurements results - linearity

)
INFN

(s

Istituto Nazionale
di Fisica Nucleare

Unirradiated SiC

u 50 100 150 200 250

300

/ V1isMev ;23_
18MeV | = T 5.5
V15|v|.c-_w5“5’HHH‘H++ EREY
15 MeV ”E_ Irr. SiC
0 400 as0 o P SN TP SIS ST SN TP S TN

Rate MU/min

o [T [T [T [T [T ey

irradiated SiC
5x 108 nem2st

o 1 1 o0 0
Rate MU/min
— LINAC dose rate

- L8 MeV

15 MeV

» SiC linearity with the LINAC dose rate is proved
» Dependence on LINAC energy as expected

» Irradiated SiC keeps working correctly

400 4

TREDI 2019



Detector Calibration and photon sensitivity INFN
(e,

Calibration at ENEA Casaccia (RM) TRIGA Reactor (100kW — | MW)
| MW = (1.59 +- 0.03)10% cm*s’! (Thermal neutron)

Fattori di calibrazione per i 16 SiC della matrice.

F calib. [u\é"s'un’*'.!]
B 8§ =
T T

o
P
"
]

0.014]

0.01

. Costa INFN Torino

2 different °LiF deposit
recepies give different
response sensitivity

PHOTON SENSITIVITY

1 unit of thermal fluence rate (1 cm-2 s-1) produces a
signal equivalent to 70 nGy/h of photon signal
Photon to neutron sensitivity ~10™*

Calibration accuracy 5-8%
being improved
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. Costa INFN Torino

Fluence rate [cm™s7]

10cm

-,

LINAC Measurements results - uniformity ~ INFN

Istituto Nazionale
di Fisica Nucleare

A

F 3

" 102

- 097

h

&

10cm

=

L]

Fe
n

| R BRBLELELH LSRR BUE L ¥ R

Fluence Rate[{cm*-2)"(s"-1)]

=2

05

18 MeV

/

¥ i

15 MeV

3 R N L R R0

«

LINAC dose rate

E_Libans transversal uniformity at the
center of the cavity

1,10
E
o 1,05 |
= [ ® i 0
g S P L L AP X .I +2%
— 4 L] b .
B e - = difference
S S 0,95
= 090 -
2 0 5 10 15
; A~
1o HiIU
[
(274

O Good neutron field uniformity in the e LIBANS cavity
O Mean fluence rate 1.9 x 10°n cm? 51
@ 400 MU/min nominal 18 MeV beam

O Calibration accuracy 5%
O The 4 x 4 SiC matrix allows to explore a 10 x 10 cm? field

of view with asingle acquisition, in real time
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Neutron Spectrometers
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Bonner Sphere System + TNRD

* Insensitive to LINAC RF
* Sequential exposition of the
spheres in the cavity

® g A
- %

/s Wssssse DD
e Unfolding of the detector readings s AR RS s RS

Bonner Spheres System (BSS)

—=—sphere 1
3,0 —e—sphere 2
——sphere 3
—v—sphere 4
—<+—sphere 5

— > gnhere 8

1 sphere 8
204 —e+—sphere 7
' —e—sphere 8
Ng 1 —e—sphere 9
~ 154
u
o 4
1,0 4
| oy -

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0,01 0,1 1 10 100 1000
E cetrale (MeV)

Response curves for of Bonner Spheres + TNRD system

* Unfolding code = heuristic
process




e_ LiBANS thermal Cavity Spectrum measurement

Neutron energy spectrum measured with Bonner Sphere System + active TNRD

0,5
{; = guess spectrum (MCNP)
- ¢ unfolded spectrum
gosf it
5 :
E 0,3 ¢
= ¢ 87%
8
w 0,24 (] i
'Q
= | I
[ ] . .
o° y . ! 11% 1Y Unfolding with FRUIT
a : : ! convergence procedure
. .
1 & a : starting from a guess
o "%“mﬁ':mmm spectrum

1E-9 1E-8 1E-7 1E-6 1E-5 1E4 1E-3 0,01 0,1 1 10

Energy (MeV)

True thermal neutron fluence rate: @, = (2.07 +£ 0.07)10% cm™2 s 1



* Seven TNDs along the axis

» Spectral resolution and lateral rejection

e HPDE Collimator 50 cm diam x 30 cm h
Hole diameter 16 cm, B-plastic lined

e 35 cm h x 50 cm diam detectors part

» Capsule for detectors: 20 cm diam,
includes one cm lead disk (high-E)

e Air holes to increase deep response

TREDI 2019
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polyethylene

air holes

lead

borated
plastic

air holes

Radiat. Meas. 82, 47-51 (2015)



CYSP response CNFN

Radiat. Meas. 82, 47-51 (2015)
0.8

0.7 1

0.6 -

B P T T T T
10°10710°10° 10" 10°10° 10" 10° 10" 10* 10° 10*
Energy (MeV)



CYSP workplace testing

The HMGU measurement station at UFS Schneefernerhaus
(2650 mt, 4.1 GV)

1.Compare with the HMGU Extended Range Bonner Sphere
Spectrometer (3He-based, 15 spheres, 2 of which with extended
range + 1 bare detector).

2.Eliminate the omnidirectional *albedo” component affecting
the ERBSS

.| ---- ERBSS WN26 (27 June - 3 July 2016)
1.6x1077 CYSP WN26 !
o 1,2x107 4
f=
s
5 8,0x10°
5
©
Ll
4,0x10°
010 """'|r" :""" LEEL, SRSy SRR BERSL L SRR s B | "'_'"; L WS MRS LEEL MERS
1E-10 1E-8 1E-6 1E-4 001 1 100 10000

Energy (MeV)
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CYSP workplace festing @

The neutron beam at SARAF (SOREQ, Israel)

1.92 MeV protons on a liquid Lithium target
peak current 500 A
Different pulse durations and repetition rates

10 da (E (MeV')
&

L
--= Guess 2 :
: FRUIT 2 :
24 I‘ :
-1: b
n v L] ] ¥ L] ¥ ] ¥ ] : 1
000 002 004 006 0,08 0,10 0,12 0.14 0.16 018
Energy (MeV)
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Conclusions INFN

The e_LiBANS facility in Torino provides intense and well characterized neutron fields, tunable in intensity
by varying the beam current and energy

Thermal neutron detectors were developed by depositing °LiF on Si/ SiC devices (in-house process,
satisfactory n/y, sensitivity scales with area, able to work in pulsed fields, good linear response)

Accurate calibration campaigns (Casaccia, NPL) allowed to determine their response curves at 3% level

Silicon carbide devices proved to be radiation resistant up to 5 x 10 3 n cm™ with a neutron to photon
sensitivity 10 4

Multi detector systems have been developed:

= 4 x 4 matrix of SiC’s as neutron field transverse uniformity monitor

= Bonner Sphere System Spectrometers with TNRD can span thermal to 20 MeV neutron energy

= Cylindrical Spectrometers (for directional neutron sources) on an extended neutron energy range
Developments of new detectors are ongoing mostly for biomedical applications (BNCT among others)
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Thank you for your @
attention!

e_LiBANS collaboration:

INFN Torino: M. Costa, E. Durisi, V. Monti, O.Sans Plannell
L. Visca

INFN LNF: R.Bedogni, J.M. Gomez-Ros, M. Treccani

INFN Milano: A. Pola, D. Bortot, A. Porta

INFN Trieste: G.Giannini, K. Alikaniotis

San Luigi and San Giovanni Hospitals : S. Anglesio, U. Nastasi

Bl roNDAZIONERRCRT (Elekta

Citta della Salute e della Scienza di Torino



<R

BACKUP



“Options” to increase Fluence rate INFN

sw’)  Bremsstrahlung spectrum
1-Removal of Flattening filter (implemented): % so- fﬁl - -
£ .
* g-mode 18 MV FFF > S e =
* e-mode 18 MeV FFF B o .FFF mode
Expected a factor 2 increase (to be g . e
measured) T 20" T —
o . . - -
s pclinical "L
o 1x10 gt —— .
spectrum
o 0 T T T
K= ELEKTA 0 5 10 15 20 25
B Energy (MeV)
= &
E Photon mode 25MV (18MV | 15MV |10MV |6 MV 18 MV modified
= Dose rate (MU/min) 400 400 400 400 400 400 .
© 2- Beam energy increase up to
(%]
2 . .
(')_ Electron energy (MeV) 20 15.7 12.3 8.9 6 20.39 20 Mev IS fe.aSIble but under
s discussion with ELEKTA
e — o 3 5 % o5 Expected a factor 2 increase in the
T = = = B T neutron Fluence rate
n (Hz) 200 200 200 200 400 200
Power (W) 128 264 472 513 1328 571
K (x10% e 51) 0.4 1.05 24 3.6 14.4 1.74

16 May 2017 NEUDOS-13, Krakow, Poland 31



)
Gamma Dose measurement INFN

~ Istituto Nazionale
di Fisica Nucleare

Use Far West Technology's energy compensated
Geiger Muller counter (GM-1 Geiger counter)

The calibrationfactor of the detector is known from
a previous calibrationwith a ®°Co source.

Itsvalue in termsof airkermais: f= 207 uGy!, with
5% of uncertainty.

A bias voltage of 500 V has been applied tothe GM

counter.
25 F 7]
Linearity
- ]
ﬁ,, 2
g | 4 beam | Dg st.dev | Dy Doy, ratio D,/
E 15 18 MeV @400MU /min | @400MU /min
g uGy MU' | % mGy/h cm s ! Gy cm?
s 1 (] 18 MV [0.277 205 [6.65 1.80 108 1.03 102
g 15 MV 0.204 0.38 | 4.88 8.52 10° 1.59 1012
g . ; =BTG0N 18 MV FFF | 0211 0.65 | 5.06 1.39 10° 1.01 10712
Eo
& [

0 50 100 150 200 250 300 350 400 450 500

Linac dose rate (MU/min)
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0.9

0.8

0.7

0.6

Relative thermal neutron fluence rate

0.5

2 experimental data - closed cavity
- ..l.; N S +  menpé- closed cavity
B + + + . - menpé - apen cavity
| i E e
:_ ........................ I ................ ............................ + ..... + ........... + ...............
i I | I ! I 'I I
0 5 10 15 20

distance (cm)

Fluence rate decrease: 5% over 20 cm in closed cavity condition

Data uncertainties include detector sensibility and position measurement
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Calibration of the BSS + TNRD system (INFN

ENEA-FNG

* Bonner Spheres + Lil(Eu) scintillator
calibrated at NPL UK (primary standard)
with mono-energetic beams 144 keV,
545 keV, 1.2 MeV [*]

S
* Response matrix of the BSS+TNRD S
system calculated by MCNP ;
g : : i N =
L 0 FNG-spectrum g
* Validation and calibration by exposing ﬁ 1 il S
the two systems to the same spectrum at g 1
ENEA Frascati Neutron Generator (FNG)  $'0'F ‘?‘N
; :
" Ny iiﬁvﬁm#
10° A

T 10° 107 10° 10° 10° 10° 102 10' 1 10
Energy (MeV)
[*] R. Bedogni, A. Pola, M. Costa V. Monti, D. J. Thomas . Nucl. Instrum. Methods A 897 1821, 2018.



Thermal neutron field uniformity (INFN

TNRD measurement on 49 positions in the central cross plane of the cavity (18 MV)

Relative Thermal Fluence Rate

15

cm

10 Maximum 7% 8%
deviation
Standard 2% 2%
deviation

E-LIBANS thermal cavity central
position, 18 MV, 400 MU/min:

-10

@, = (1.75 4+ 0.04)10° cm ™2 s~1

15

~ S - * "5 0 5 10
cm

25x25 cm?
uniform within the 4%



CYSP prototype CNFN

2013: Mono-energetic neutron fields from

]44 keV TO ]65 I\/\eV GT NPL (UK) _— Counts per unit fluence
. . A (Cf-252
Overall uncertainty of Response matrix 1 p i = 144 keV
estimated as < +2% (comparison L N . ey
between observed and calculated count - ?{
rates). 002 § \ \\;\Iiiw
NIM A 782 (2015) 35-39 ' Ry
0,01+ “\‘\.\\I:\
0’00 T T T T T T T
< 3.5MeV
5.0 MeV
o % é & 165 MeV
0,01 - £ /,D—"’{’""{’ """ E-- :g\\g\ .
= o
B I ?
lines: calculated values
i symbols: experimental counts per unit fluence

1 2 3 4 5 6 7
detector position




