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Introduction

Photon-induced nuclear reactions are showing growing interest
through recent needs related to several widely-spread applications
using electron accelerators

m Radiotherapy treatments: Photonuclear reactions contribute to additional
neutron doses and impact nearby accelerator components.

s Decommissioning of electron accelerators: need for appropriate waste
management based on good knowledge of induced activity in components.
Recent Interest:

s Homeland security: Spectrometry of neutron produced in photo-nuclear
reactions are at the basis of a new active photon interrogation technique for
detection of illicit materials (explosives, narcotics, toxic gases)

Presentation Focus: Simulation and measurement of photo-neutron
production and differential distributions at electron LINACs.
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Benchmark of Monte-Carlo codes: &

Neutron spectra from photonuclear reactions
Benchmark exercise organized in 2022 within EURADOS WG6 “Computational Dosimetry”

V. Blideanu?, C. Besnard-Vauterin', D. Horvath?, « Lack in the present literature of measured photoneutron differential distributions

B. Lefebvre?, F. Salvat-Pujol®, R. Versaci? x experimental validation of the simulations is not straightforward

+  Benchmarking of Monte-Carlo codes appears as the only option to
assess their capabilities in accurately simulating photo-neutron production

MCNP (6.2)
PHITS (3.27) Methods:
< Geant4 (11.1.1) * Intercomparison of simulated photoneutron energy distributions was done
d’ D) J) 55;;%1‘7%5:32’?2ii‘if:afl“:;’:“a“:.“. FLUKA (4-3.0) with Geant4 (11.1.1), MCNP (6.2), PHITS (3.27) and FLUKA (4-3.0) for
peamiines PHITS (3.27) different materials of interest (Be, N, C, Al, Cu, Sb, W, Pb) :

Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with

Materials and Atoms
Volume 549, April 2024, 165292

@ Theoretical
insights

‘ .I ﬁﬁ;ig ‘

Neutron spectra from photonuclear
reactions: Performance testing of Monte-
Carlo particle transport simulation codes

\\
1cm }
/
/
/ \ V. Blideanu® 2 =, C. Besnard-Vauterin °, D. Horvéth ®, B. Lefebvre %, F. Salvat-Pujol ,
R. Versaci ®
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Benchmark of Monte-Carlo codes:

Neutron spectra from photonuclear reactions
How the codes handle photonuclear reactions when using default physics options:

MCNP (6.2)

Developed by the Los Alamos National Laboratory.
Photonuclear reaction are introduced through
tabular data sampling. The tabular data used
here is known as the LA150 library (default).
The lack of a needed tables is normally handled by
using physics models but this was not the case for
the materials used in this study.

Geant4 (11.1.1)

Developed by the Geant4 collaboration.

Use of FTFP_BERT physics list (considered as a
default by the official guide for physics lists).
Photonuclear reactions below 6 GeV are handled
by the Bertini model whereby the final state is
determined by an intranuclear cascade.

@ SATIF-16 workshop, Frascati, Italy

PHITS (3.27)

Developed by a collaboration among JAEA, RIST,
and KEK.

PHITS uses the evaluated photonuclear reaction
cross-sections data contained in JENDL/PD-2004,
with an evaporation model.

Since version 3.27 allows to use external
photonuclear data libraries in the ACE format (for
example MCNP’s LA150) but it is not the default.

FLUKA (4-3.0)

Developed by the FLUKA/CERN collaboration.
Pre-equilibrium  stage followed by an
evaporation stage (Fermi break-up model for
A<18), and a final gamma de-excitation stage.
Photonuclear interaction rate driven by a reaction
cross section library derived from experimental
and evaluated compilations.

28/05/2024
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Intercomparison of photoneutron energy distributions &

for (y,Xn) reactions on light nuclei

+ Geant4, MCNP6, and FLUKA agree on the ground state and the
first three excited states photoneutron peaks from (y,n) reactions

 PHITS exhibits a completely different behavior: integrated cross-
sections of JENDL/PD-2004 are taken into account and comparable
with other codes but not for energy distributions

— Ey—Q—Estate
" 1+ A;elsidual
Carbon Nitrogen
Energy levels of Photo-neutron | Energy levels of Photo-neutron
1C (MeV# keV) energy 3N (MeV#t keV) energy
g.s. 1.24 MeV g.s. 8.92 MeV
'f;‘gr(?v}’e'\‘j;"i':\;’)f Ph°:‘r’l'e“r:]‘;"°“ 2.3649 + 0.6 6.58 MeV
g.s. 14.06 MeV 3.502+2 5.52 MeV
4439 +0.21 9.79 MeV 3547t 4 5.48 MeV
7.654 +0.19 6.83 MeV 6.364 + 9 2.87 MeV
9.641+5 4.99 MeV 6.886 £ 8 2.38 MeV
10.847 + 4 3.88 MeV 7.155+5 2.13 MeV
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Yield [n/MeV/primary]

Yield [n/MeV/primary]

[ FLUKA 3 MCNP6
[ Geantd (FTFP-BERT) [ PHITS
[ Geant4 (ShieldingLEND)
Natural carbon
C-12 (98.9%),
C-13 (1.1%)
i‘ﬁ
10-12 . ; : ; H -
0.0 2.5 5.0 75 10.0 125 15.0 175 20.0
En [MeV]
1074 5
E 1 FLUKA 1 MCNPG
1 1 Geantd (FTFP-BERT) 1 PHITS
10-54 [ Geant4 (ShieldingLEND}
Natural nitrogen
10764 N-14 (99.6%),
i N-15 (0.4%)
1077 4
1078 5
107° 4
1010 . . : ”ﬂ] I— A f
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Ep [MeV]
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Intercomparison of photoneutron energy distributions : : &

for (y,Xn) reactions on intermediate and heavy nuclei

* Geant4 is underestimating the neutron contribution above 3 MeV

while MCNPG6, PHITS and FLUKA are sharing similar trends

* For heavy targets the Geant4 spectrum does not present a change of
slope as other codes, therefore resulting in a maximum energy way
below the expected value according to the energy conservation

— Ey—Q—Estate
n 1+ A;elsidual
Copper Lead
Energy Reaction nzt:::g;l Energy Reaction r:::::g;,
levels) threshold levels threshold
energy energy
Cu-62 (g.s.) 10.85MeV  9.06 MeV | Pb-206 (g.s.) 8.09MeV  11.87 MeV
Cu-64 (g.s.) 9.97 MeV 9.91 MeV | Pb-207 (g.s.) 6.74MeV  13.21 MeV
Pb-208 (g.s.) 7.37 MeV  12.58 MeV
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Yield [n/MeViprimary]

Yield [n/MeV/primary]

10-3 4 [ FLUKA [ MCNPG
[ Geant4 (FTFP-BERT) [ PHITS
[ Geantd4 (ShieldingLEND)
o Natural copper
1075 5 Cu-63 (67.1%),
Cu-65 (30.9%)
1076 5
1077
10-®
10°°
0.0 25 5.0 75 10.0 125 15.0 175 20.0
E, [MeV]
“ [ FLUKA 1 MCNP&
103 {E [ Geant4 (FI'FP‘-EEEHT} [ PHITS
i3 [ Geant4 {ShieldingLEND}
Natural lead
1075 Pb-204 (1.4%),
Pb-206 (24.1%),
B Pb-207 (22.1%),
e Pb-208 (52.4%)
107 1

0.0

2.5

5.0

7.5

125 15.0 17.5 20.0
£, [MeV]
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Intercomparison of photoneutrons angular distributions

Photoneutrons emitted by irradiation with Bremsstrahlung photons in 20 MV range

— - 0y "2 ph(y xn) ={ photons 16,6 MeV[x"Pb  § oo
C F Q; i K. Tuyet et al., NIM A 989 (2021)
— r i 20 s \ . .
GE) 3 i Qi%giigagg i ; LN I Consequences for dosimetry around a medical electron accelerator:
.: g :Evaporalion Direct % ; ? % { ,’/ t I\\\ J‘ 0
q_) é r i g 16 ,/' ‘\\ -4 Tungsten
> -1l o / % 325 ) .
§<>' 2 1 i / TK.Tuyet etal, NIM A 989 (2021) '\ s X l ExPeCted Shape of the
ni {/ angular distribution of
ol 1 5 photo-neutrons emitted
» s = = Lt X during irradiation of
w0 o ™ tungsten
—— MCNP [1e-11, 4.0] (MeV) —— MCNP [le-11, 4.0] (MeV)
—— MCNP [4.0, 20.0] (MeV) —— MCNP [4.0, 20.0] (MeV) 175
<o Carbon  —AREENRS | .. Nitrogen  — meienaesy 1 I B
§ g Angle [°]
% 10 E 1077 e e ._.,,h:‘%’:"ﬂm\;
* Measurement of the ambient dose equivalent rate H*(10) around the Varian
2 = o TrueBeam accelerator:
o ..
H o 10 0 25 50 ﬁm‘g\e [wu]o 125 150 175 | 345 180
© o w0 w0 Berthold LB 6411 w0, | Simulation (MCNP 6.2) « MCNP 6.2 generally
— he 320 160 :
S S g agree with
E = 10 e — =10 A . 29.5 ”c’é
=l \ B N £ measurements for the
v e— . - i 10 positions in the
= = WM*MM 5 " 2 .
g § g0 s i "3 forward hemisphere
2 0 2 10 x 22.0 80 o
= ~—— MCNP [1e-11, 4.0] (MeV) = ~—— MCNP [1e-11, 4.0] (MeV) g
~—— MCNP [4.0, 20.0] (MeV) ~—— MCNP [4.0, 20.0] (MeV) bl
SRR Lead e | TUngsten « ¢ « MCNP 6.2 globally
B o 25 50 75Angle[lu0]0 125 150 175 B o 25 50 75Angle[lu0]0 129 150 175 17.0 a0 g appropriate for
-400 —400 Coefficients de conversion fluence-dose H H H H H
* The Monte-Carlo codes tested do not correctly reproduce . issus de ICRP-26 (Publication 74). ® dlmens.lonmg_ raqlatlon
the anisotropic angular distribution of photoneutrons I L e protection shielding
Z axis [cm, axis [em.

emitted through the direct mechanism in (y,Xn) reactions
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Intercomparison of integrated (y,Xn) cross-sections : : &

Integrated cross sections vs. atomic mass

* Monte-Carlo codes
« EXFOR (experimental) Integrated cross sections of simulated materials, as a function of atomic mass.

* Nuclear reactions model calculations with TALYS code
(source of TENDL evaluated cross sections library) 10°

—e— Geant4

—e— MCNP6 | Carbon
—e— FLUKA
—e— PHITS
—e— TALYS
—e— EXFOR

o [mb]

* The photo-neutron production cross-section increases with 107
the mass of the target nucleus, except a decrease observed in
the case of carbon (Ey eshoit=18:72 MeV), and reaches a
plateau for heavy elements since no significant increase is

observed between W and Pb 10 Tungsten

« For tungsten all the calculated cross-sections are o =
overestimated

A

 Integrated cross sections alone does not allow deep physics study

« MCNP6, FLUKA and PHITS better general agreement with
the data from EXFOR while GEANT4 and TALYS predict

higher cross-sections for light and intermediate mass nuclei — Need for new measurements since presently there is
practically no data in the literature for differential
distributions

* Energy and angular distributions must also be considered
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Modelling, modifications and characterization of CEA’'s : : &
TrueBeam VARIAN accelerator

Development of a complete geometry model of the Varian

K . - Medical accelerator (6, 10, 15, 20 MeV)
TrueBeam® accelerator head and its environment

- Pulsed electron beam (3,5 usec, 120 Hz)

- Mixed radiation field with ratio neutron/photon << 1

3D modelling of the
TrueBeam® medical
accelerator head (left) and its
installation in the bunker (right)

View of the modelled geometry
of the accelerator head. The
red arrow indicates the
direction of the beam

o @ymitprmaresi

mmmmmmmmmmmmmmm

m (a 27,5 cm)

Neutrons

| N
Monte Carlo simulations faithfully reproducing experimental conditions
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Active neutron spectrometry in mixed short-pulsed fields wit

intense photon flashes

Detection capabilities

» Use of an ELJEN plastic scintillator (EJ-276):

» Use of a SAINT GOBAIN liquid scintillator (BC-501-A):

N\ —

v’ Fast response time (few nanoseconds).
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Neutron detection and electronics installation

photon “M‘,M‘ "‘L‘J."_”l.

field e
v » photoneutrons }
L Lo | DTS743 ——
= Bl ] -
. o 3 } - .
. : n 1 At
& - | At |
| § oo \ A lyl W ! Neutron
H l“l v“vl 1 ‘K‘ G
I LabVIEW 2o L "‘ ﬂ:s’:ma
electrons | 7 1
LINAC '

Synchronized data acquisition with beam pulses

Post-processing and rejection of pile-ups

Event With Pileups (6423 - 6.41 %) Event Without Pileups (93797 - 93.59 %)

035 — Event 73501 o012 — Event 75967

030 0.10

0.25 0.08
‘g L 0.06
8 oas 8

0.04

0.10

0.05 0.02

0.00 0.00

0 50 100 150 200 250 300 ] 50 100 150 200 250 300
Peak Times (ns) Peak Times (ns)



Measurement of neutron energy distributions

Energy calibration of detectors

164 ® Compton Energy vs. Compton Edge
Linear Fit: 0.28x + 0.03
Chi-Squared/NDF: 0.0081

144

- |

104

Compton Energy [MeVee]

0.6 4

0.4

Y88

1 2 3 4 5
Compton Edge [V.ns]

Two-dimensional pulse shape discrimination figures

0.07 1 E i
A unique event with red-green 0.06 1 E i
doors for Q,,; and black-green 0.05 1 !
doors for Qu; 0.04 | i
0.03 -
0.02 A
R = Qtait/ Qtot ZiZ:_

—— Event 2044

0 50 100
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150 200 250 300

Discrimination factor (a.u.)

Discrimination factor (a.u.)

0.1

Total number of events = 405741

252Cf

photons

Qtot energy (MeVee)

Total number of events = 788293

Am-Be

Qtot energy (MeVee)

Number of events

Number of events

WW

FoM = 1.32 (0.096%)
Intersection = 0.250

10%

---- Photoen fit
---- Neutron fit

252Cf

0.2 03 04
Diserimination factor [a.u.]

FoM = 1.18 (0.267%)
Intersection = 0.241

---- Photoen fit
---- Neutron fit

Am-Be

0.2 03 04 ! 0.6
Diserimination factor [a.u.]

Tungsten irradiation with 22 MV Bremsstrahlung photons

Discrimination factor (a.u.)

0.6

"
o

a
n

"
w

a
¥}

=
=

0.0+

Total number of events = 737731

neutron/photon = 0,01

Qtot energy (MeVee)

Number of events

FoM = 0.98 (1.019%)
Intersection = 0.247

---- Photoen fit
---- Neutron fit

02 03 04 ! 0.6
Diserimination factor [a.u.]
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Measurement of neutron energy distributions : : &

Response functions matrix

Melamine (C;HgN;) irradiation with 22 MV Bremsstrahlung photons

Discrimination factor against light output

_neutron/photon = 0,002

0.6

0.5

Response [a.u ]

Fo4

s C

5 =X
£ 03 o

© =
: =
=

302 «

0.1

0.0

3 4 5
Light Output [MeVee]

6 7 8

Neutron/gamma discrimination fl Neutron spectrum
FoM = 1.03 (NRR: 0.78%) e \ —
. i
. Proton recoil spectrum %h
A
104 L o \"’a
L
2 W\
[ om0 L ll
I \
3 3 ”w\\ P i
5 10° PRI e St
5 —*: -
g %
-
102
: o "~y
Y 01 0.2 03 0.4 0.5 0.6 i : _I
Discrimination factor [a.u.] £ bcbon recoll energy Vel ¢ G 7 3 : . o A

Neutron energy [Mev]
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Neutron energy distribution from melamine irradiation
with Bremsstrahlung 22 MV photon spectrum

"I GRAVEL
0’7 ‘% l ] 25MeV —— - > —
“ Tew0] L Y. P. n
e 3 a B
Ea(MeV) . r IH‘ ol T 20 MeV —— L Eia\e_pmmns/ 7775|573 - 6.94
- Peaks from (y,n) reactions are washed n e
out because of the continuous energy o | h g SO —
W vave protons ~ [¥2 as0| *MeV?
spectra of Bremsstrahlung photons " ‘ e e : =
| ‘\“f\,p‘ e I
- Structures still observed for 3,5 MeV, : - - R e =
4,2 MeV, 6,5 MeV and 7,2 MeV neutrons ML-EM
Wk 4,95 MeV
hy 125MeV np  feeeedeeeeiimii b R s LT
Possible interpretation i l SEEE . il W
2-step (y,pn) reaction " "W l L
ave 1 |
photonucleon cascade l‘ “h et l l I B Ry SRR -
y+ "N - p+13C" - n+12C ] W’
) |
3 """‘
5 ’}‘.J\ p — d transitions to 2- states
‘ J"‘ : p — s transitions to 0- or 1- states
05 ‘ m wrl"l‘-‘w“‘" ""‘. L
\\‘w"‘“\l,\\_‘“‘ TP - o e - B 14N
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Back to Monte-Carlo simulations ... &

20 MeV mono-energetic photons MCNLPG'Z
B Nitrogen Carbon
O N R Em 4N(y,p)3C* : 12C(y,p)1B*
. o8 & 11R* 10
- Peaks from (y,n) reactions are washed out PCHm)C B*(n)!’B
because of the continuous energy spectra
of Bremsstrahlung photons
- Structures potentially from (y,pn) reactions T T T T ‘ ‘ - | | |
present for light targets but further deep L = B
analysis is needed to confirm e , —
Oxygen - m = Tungsten Low
For nitrogen : 150(y.p)"°N* o
- 15N * 14
Peaks at 1.9 MeV, 2.9 and MeV 3.8 MeV. NN e
Large bump around 6.5 MeV not exactly
matching the experimental findings 3
Need for a new code intercomparison on
photoneutron energy distributions (this time "

0 12 1
Energy [MeV]

with Bremsstrahlung photons) T

B
Energy [MeV]

E SATIF-16 workshop, Frascati, Italy 28/05/2024 16



Summary

1 - Benchmark of Monte-Carlo codes for 20 MeV photon beam

1074

E Nuclear Instruments and Methods in Physics  ma..
& ) - : : S
& o)l Research Section B: Beam Interactions with E

2 Materials and Atoms

E Volume 545, April 2024, 165292

32

s

£

Neutron spectra from photonuclear
reactions: Performance testing of Monte-
Carlo particle transport simulation codes

V.Blideonu® 2 &, C. Besnord-Vuterin °, D. Horvdth ¥, B. Lefebure *, F. Salvat-Pujol

2 - Photoneutron detection
facility available at CEA-Saclay

4 — Need for new code benchmark ||
with Bremsstrahlung photon beam - AJ{M\
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