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1.1. Introduction; Photonuclear Reaction

• Absorption of photons (g) by atomic nuclei and subsequent ejection of photons (g’), 
protons (p), neutrons (n), or heavier particles from nuclei

• Different threshold energy for each particle emission
• Below the particle separation energy, elastic (g,g) and inelastic (g,g’) photon 

scatterings take place. Low level density → Sharp resonance
• With increasing the incident photon energy, the nucleus starts to emit a neutron 

and/or a proton, and the cross section gradually increases.
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SUMMARY

▸ Photo-nuclear physics and its relevance in high energy applications 

▸ Implementation of photo-nuclear physics in MC codes 

▸ The experimental context of this work 

▸ Photo-nuclear physics in Fluka, Geant4 and MCNP:  a brief introduction 

▸ Statistical approach to compare code prediction capabilities in 
rigorous and quantitative way 

▸ Photo-nuclear cross sections implemented in the selected codes 
compared to experimental ones (when available) or evaluated data: 
some preliminary analysis results and considerations



PHYSICS OVERVIEW

Feasibility Study of a neutron source at the DaΦne
Beam test Facility, using Monte Carlo codes
L. Quintieri, R. Bedogni, B. Buonomo, M. De Giorgi, A. Esposito, G. Mazzitelli, and P. Valente

Abstract—In this paper we report the feasibility study of
a photo-neutron source at the Daφne Beam Test Facility. In
particular we describe the Monte Carlo simulation results and
the comparison of these ones with some important semi-empirical
correlations. In the preliminary phase of this project only the
FLUKA code has been used, but an extensive use of GEANT4
has been also planned together with MCNPX, to investigate the
effect coming from different implementation of the photo-nuclear
physics. Finally, we report the expected neutron flux, when high
energy electron (510 MeV) beam from the Daφne Linac is sent
onto a suitable target at the nowadays maximum admissible rate
(5 · 1011e−/s). The status of the overall design is described.

I. ALLOCATION OF THE PHOTO-NEUTRON SOURCE: THE
DAφNE BEAM TEST FACILITY

The DaΦne Beam Test Facility [1] is an electron/positron
transfer line by which the beam accelerated from the Linac of
the DaΦne collider [2] is modulated in intensity and energy
and is brought into an experimental hall (≃100 m2 area),
where external or internal users can carry out experimental
tests (typically to study and calibrate particle detectors). The
facility can provide electrons and positrons with energy from
25 up to 750 MeV in a wide range of intensity: from single
particle up to 1010 particles per bunch. The main beam
characteristics are summarized in table I.

TABLE I
BTF BEAM MAIN CHARACTERRISTICS

Main Beam Characteristics

Energy Range 25-750 MeV
Repetition Rate 50 Hz
Pulse duration 1 or 10 ns
Spot size σxy 2 mm (single par) / 10 mm (1010par)
Divergence 2 -10 mrad
Energy resolution ≤ 1%

The leading idea of the “n@BTF” project essentially con-
sists in exploiting the gamma shower coming from the inter-
action of electrons with matter, to produce neutrons by means
of photo-absorption reactions. In fact, the impinging electrons,
interacting with the target, produce bremsstrahlung photons
that will have a continuos energy spectrum from low energy
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up to the end point corresponding to the electron beam energy.
The photons excite the nuclei of the target with which they
interact and these excited nuclei go back into the fundamental
state by emitting one or more nucleons. The most probable
reaction is (γ, n), in which only a neutron is boiled off the
nucleus, but also (γ, 2n) and (γ, p) reactions are possible even
if less probable than the first one. Typically high Z materials
have much higher cross section than the light nuclei as it is
shown in the figure 1 where the W cross section for photo-
production has been reported together with the Cu one. It is
important to point out that the neutron photo-production is
a threshold reaction since a neutron can be delivered from a
nucleus only if the energy transferred by the photon overcomes
the average binding energy of its nucleons. The threshold is
lower in heavy nuclei (high atomic number) than in light
nuclei: 5 to 7 MeV for the first case and 15 to 20 MeV in the
second case.

Fig. 1. Photo-neutron cross section comparison between high and low/middle
Z materials

II. OPTIMIZATION OF THE TARGET

The rate of neutrons produced by photo-production depends
on the following factors: beam power released in the target and
atomic number, Z, of the target nuclei. The maximum beam
power that can be released on the target at the Daφne BTF,
according the present prescriptions of the Radioprotection
Service, is about 40 W, corresponding to bunches containing
1010 electrons of 510 MeV energy, that are injected at a
repetition rate of 49 Hz1.

1The maximum injection rate from the Linac is 50 Hz, but there is always
a bunch that is sent onto the spectrometer to reconstruct the energy spectrum
of the beam at the end of the Linac, before entering in the BTF transfer line.
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Typical photo nuclear photoneutron 
cross section behaviour for medium 
(Cu) and high (W) Z materials
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• Absorption of photons (g) by atomic nuclei and subsequent ejection of photons (g’), 
protons (p), neutrons (n), or heavier particles from nuclei

• Different threshold energy for each particle emission
• Below the particle separation energy, elastic (g,g) and inelastic (g,g’) photon 

scatterings take place. Low level density → Sharp resonance
• With increasing the incident photon energy, the nucleus starts to emit a neutron 
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▸ Photons interact with nuclei causing the 
emission of nucleons (neutron, protons, pion, 
etc)  

▸ Photon energy levels above the nuclei 
binding energy (5-15 MeV) are necessary. 
Photo-nuclear interactions are threshold 
reactions: threshold is lower for heavy nuclei 

▸ In heavy nuclei photo-nuclear reactions are 
almost equivalent to photo-neutron ones. 
Protons can be emitted, but the presence of 
a large Coulomb barrier strongly repress this 
channel.  

▸ Below Z=20, proton yield is in general larger 
than the neutron yield. The contrary happens 
for heavy nuclei.



NUCLEI ENERGY DEPENDENT DE-EXCITATION PROCESSES

A photonuclear interaction begins with 
the absorption of a photon by a nucleus, 
leaving the nucleus in an excited state. 
The excited nucleus then undergoes the 
d e - e x c i t a t i o n p ro c e s s , e m i t t i n g 
secondary particles and possibly 
undergoing fission. 

D.J.S. Findlay / Applications of photonuclear reactions 315 

Table 1 Table 2 

l/e attenuation lengths and ranges Some photonuclear reaction channels 

Material 10 MeV gamma 
I/e attenuation 
length [cm] 

Water 45 

Si 17 
Fe 4.3 
Pb 1.8 

Particle Range in Si 

[cm] 

10 MeV gamma 17 
10 MeV ektron 2.4 
10 MeV Proton 0.07 

100 MeV fission 
fragment 0.002 

dition the high penetration of photons is emphasised by 
the comparison with the ranges of various charged 
particles. 

2.2. Nuclear interactions 

Interactions of photons with nuclei are reflected in 
photonuclear cross sections. A very useful and very 
comprehensive set of photonuclear cross-section graphs 
is given in ref. [3]. A schematic illustration of the energy 
dependence of the total photonuclear cross section Q,, 

Reaction channel Example (Possible) application 

(Y, Y) photon resonance bulk materials analysis 
elastic fluorescence 
scattering 

(Y, Y’) photon photo- dosimetry 
inelastic excitation 
scattering of isomers 

(y, p) photoprotons transmutation 
doping of 
semiconductors 

(y, n) photoneutrons hnac neutron 
sources, fission product 
incineration 

(y, f) photofission actinides in 
radioactive waste 

as a function of the photon energy k is shown in fig. 1. 
In an attempt at rough universal applicability, the 
ordinate is shown as the cross section per nucleon 
utoz (k)/A, where A is the mass number of the nucleus 
[4J. The dominant feature of utot is the hump corre- 
sponding to the giant resonances [S], the most im- 
portant of which is the giant dipole resonance (GDR) in 
which the protons in the nucleus oscillate as a whole 
against the neutrons as a whole. The energy of the GDR 
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Fig. 1. Schematic representation of the total photonuclear cross section per nucleon. The characteristic interactions in different 
energy regions are shown. The representation is not good for very light nuclei. The scale along the top is the reduced wavelength of 

the photon in fm. 

V. VARIOUS ~CHN~QUES 

Giant Dipole Resonance 
relevant for photon energies in the range 
12-16 MeV

Quasi-Deuteron Absorption  
relevant for photon energies < 140 MeV

Nuclear Resonance Fluorescence (NRF) 
E<2 MeV

Photo-Meson  
Region E>350 MeV

Delta Resonance 
E>140 MeV (pion mass) 

PION PRODUCTION BECOMES POSSIBLE

T. A. GAB REEL AND R. G. ALSMlLLER, JR.
site and type of interaction were selected as if the 6rst
selected interaction had never occurred. For the range
of photon energies (~40-~350 MeV) considered in
these calculations, the exclusion principle has a sub-
stantial effect. Without its inclusion, many of the
calculated results presented later would be changed.

Photon-Nucleon Interactions —Pion Production
For photon energies above approximately-160 MeV,

pion production becomes possible and must be included
along with the quasideutcron process as a possible
initial interaction. Consideration was restricted to
photon energies of the order of or less than 350 MeV, so
only single-pion production was considered. To define
this interaction, free-photon-proton cross sections were
used. '~ ~' A definition of the photon-neutron interactions
was obtain. ed by the assumption of charge symmetry, '
thus,

o (y+p—+p+s') =o(y—+e~+~o) (11)
o.(y+p~e+n.+) =o(y+—n~p+7r )

For the photon-nucleon interaction the initia1 nuc-
-leon momentum is obtained, as before, by sampling
from the appropriate Fermi distribution. Therefore,
since the nucleon density and cross sections for photon-
nucleon interactions are known, an acceptable intra-
nuclear-interaction site and type of photon-nucleon
interaction can be determined. "
For single-pion production it was assumed that the

pion is emitted isotropically in the center-of-mass sys-
tem dered by the photon and nucleon. This assump-
tion was experimentally verihed for photon energies up
to approximately 260 MCV at which the pion diGeren-
tial angular distribution starts to assume a backward
asymmetry. 29

Since it was assumed that the nuclear potential acts
on the pions as well as on the nucleons, arbitrary means
were used so that over-all energy balance remains. The
reason for this nonbalance in total energy is that free-
particle kinematics do not account for the change in
potential energy when the total number of particles
initially RGected by the field changes during interaction.
A quick calculation will show that the amount of energy
that cannot be accounted for in single-pion production
is positive and equal to the nuclear well depth. The
choice of well depth, neutron or proton, is dependent
upon the type of pion-producing interaction.
To correct this anomaly so that over-all total energy

is conserved in a pion-producing interaction, the final-

25 D. H. White et a/. , Phys. Rev. 120, 614 (1960).'6 V. L. Highland and J. W. DeWire, Phys. Rev. 13"I, 1293
(1963).
»Karl Berkelman and James A. Waggoner, Phys. Rev. 1D',

1364 (1960)."J.I.Vette, Phys. Rev. 111,622 (1958).
'9 M. Beneventano et a/. , Nuovo Cimento 4, 333 (1956)."A.V. Tollestrup et u/. , Phys. Rev. 99, 220 (1955)."R. L.Walker et g/. , Phys. Rev. 99, 210 (1955).'~ C. Freitag et g/. , Z. Physik 17'5, 1 (1963).

state energies and momenta of the pion and nucleon
were obtained as follows: First, preliminary energies and
momenta were obtained using the center-of-mass emer-
gent angles of the pion, (8, p), and free-particle kine-
matics defined in the center of mass of the photon and
nucleon. Then, if V represents the appropriate well
depth corresponding to the energy excess, the 6nal-state
energies of the nucleon and pion were arbitrarily in-
creased by V/2. "The direction cosines defined by the
momentum components were assumed to be unaltered.
After the final energy of the nucleon and pion was

determined, the Pauli exclusion principle was taken
into account by requiring that the kinetic energy of the
nucleon be above the appropriate Fermi energy. If this
was not the case, the calculation proceeds as if the
collision did not occur.

Once the type and site of the initial interaction have
been determined and all other information needed to
de6ne the state of the reactant products has been cal-
culated, the elect of secondary-particle —nucleus inter-
action was investigated. To determine this effect, the
intranuclear-cascade model of Serber, ' as developed by
3crtlnl~ w'Rs used. This Inodcl assumed thRt thc
interaction between a high-energy ( &30MeV) particle
and a nucleus can be described on the basis of intra-
nuclear free—particle-particle collisions. With the present
photon energy range, the possible secondary interactions
considered were nucleon-nucleon and pion-nucleon
scattering reactions, charge-exchange reactions, and
pion absorption. All necessary cross sections and a much
more detailed discussion of these calculations can be
found in the published works of Bertini. "
The type and site of secondary intranuclear particle-

particle collisions were determined in the same way as
was the initial interaction. Two-particle kinematics,
together with experimental free-particle differential
cross sections, were used in the determination of the
energy and momenta of the reactants. The Pauli
exclusion principle was taken into account in all
condary 1ntcl Rclions by requlrlng~ Rs before) that thc

kinetic energy of any nucleon involved in any reaction
be above the appropriate Fermi energy.
Each of the particles resulting from Rny acceptable

interaction was traced through the nucleus until an
intranuclear collision occurred. This collision produced
other particles which were traced through the nucleus.
For each incident photon that has an interaction, the
necessary information for a complete analysis was
retained, that is, the energy of the incident photon,
the type of target nucleus, the type, energy, and direc-
tion cosines of the escaping particles, etc.
When the energy of the particle following an intra-

nuclear collision has Rn energy below a preset value, it
was assumed that its motion could no longer be des-
cribed by free-particle collisions and its energy was
assumed to be shared by all the nucleons in the nucleus.



WHY THE INCREASING INTEREST IN PHOTO NUCLEAR PHYSICS?

Photo-induced reaction cross section data are of importance for a 
variety of current and emerging applications:

Extracted Proton 
Beamlines 

• Kickers powered by PFNs 0-5,000 A in < 200 ns 
• Extract septum runs at ≈ 9,000 A DC 
• 800 MeV beam runs to target via EPB with DC magnets 
• 1 in 5 pulse pairs sent to TS-2 by kicker 
   and septum magnets 

Radiation Shielding Design 
In medical and industrial linear electron accelerators, high energy accelerator 
complex, reactors (of particular concern are photo-neutrons produced by photons 
in high atomic number material with energies above the neutron separation 
energy-typically above 8 MeV)

Neutron Sources
Need of new cost effective intese neutron sources. 
Accelerator driven neutron sources for radiopharmaceutical 
production.

Absorbed dose Calculation of absorbed dose in the human body during radiotherapy

Nuclear waste Transmutation of nuclear waste either directly by photons or by neutrons 
created from photo-nuclear reactions (ADS applications)

Fission reactors New generation physics and technology of fission reactors (i.e new lead 
cooled fast reactors): influence of photo reaction on neutron balance

Electron beam-dumps Design of electron beam-dumps in high energy physics context (es. ELI 
high brilliance laser facility should foresee dump for 800 MeV electrons)

Activation analysis
Activation analyses, safeguards and inspection technologies (identification 
of materials through radiation induced by photo-nuclear reactions using 
portable bremsstrahlung devises

Nuclear astrophysics Photo-nuclear reactions play an important role in stellar nucleosynthesis

Plasma diagnostics In fusion energy technologies



CODE IMPLEMENTATION OF PHOTO NUCLEAR PHYSICS

1.For a long time photo-nuclear processes were neglected mainly due to the lack of 
complete evaluated data for applications.  

• Experimental photo-nuclear data from different laboratories (Lawrence Livermore National 
Laboratory, Commissariat à l’Energie Atomique, Saclay, Argonne National Laboratory, 
Illinois etc.) often show(ed) discrepancies that must be resolved in the evaluation process  

• Only a few measurements of the energy- and angle-dependent spectra of secondary 
particles emitted in photo-nuclear reactions. Most of the existing spectral measurements 
are for bremsstrahlung, while measurements from mono-energetic sources give emission 
spectra directly useful for cross-section evaluations  

2.Photo-nuclear data are isotopic in nature, the cross sections showing irregular 
dependence on atomic number (Z) and atomic mass (A). Thus while photo-atomic data are 
readily tabulated by element, instead photo-nuclear data must be tabulated for each isotope 
of an element  

3.A relatively complete photo-nuclear data file in ENDF format for 164 isotopes became 
available only “recently”, in 2000 (ENDF-6 formatted files containing complete interaction 
descriptions, i.e., double differential cross sections, suitable for use in transport calculations)

Computational issues of photo-nuclear physics in particle transport and 
interaction codes have been mainly related to:

TRIPOLI CODE 



IAEA REPORT TEDOC-1178 (2000) 

“Handbook on photo nuclear data for applications, cross-sections and spectra”..  

The IAEA Photonuclear Data Library is consisted of files originated from five laboratories. 

A selection of the worldwide experimental measurement has been accurately performed to 
provide to scientific community a “Reccomended” photo nuclear data 

https://www-nds.iaea.org/photonuclear/

https://www-nds.iaea.org/photonuclear/


THE EXPERIMENTAL CONTEXT THAT MOTIVATED 
THIS WORK:

Linac

high current Linac:
 1 − 500 mA e− 200 mA e+, 
 1 - 10 ns pulses, at least 107 particles

 Energy Degrader: Need to attenuate the primary beam:

• Allows to tune the beam intensity 

• Allows to tune the beam energy

•Single particle regime is ideal for detector testing purposes

Wednesday, 6 July 2011

BTF

DaΦne collider

Accumulator 

BEAM axis parallel 
to the cylinder 
target’s axis e- bunch

Quite isotropic 
neutron field

High current Linac: 

• 500mA for e− 

• 200mA for e+ 

• 1 - 10 ns pulses (109 particles pe pulse)

USE OF MC CODE TO DESIGN A LOW INTENSITY PHOTO-NEUTRON 
SOURCE AT LNF-INFNF FRASCATI NATIONAL LABORATORIES



PHOTO-NUCLEAR PRODUCTION AT HIGH ENERGY

Final Experimental SET-UP

April 2010

First Measurements May 2010

Aluminum centering rings= 
1.5 cm thickness

2 environmental detectors: response from thermal up 
to 20 MeV. The constance of ratio of their readings 
assure to have done measurements in a satisfactory 
repeatability or irradiation condition within ±1.5% 

e-

n

Friday, 22 March 13

calculations have been made in order to optimize the yield of
neutrons produced per electron inside the target and the ratio
of the neutron flux exiting from the target with respect to the
photon one.

For our target we choce a cylindrical geometry and many
cases have been simulated, changing both the length and the
radius of the cylinder, in order to find the best solution. In
particular, for each configuration we estimated the neutron
flux coming out from the target and the ratio between the
neutron and the photon flux, integrated, respectively, on all
the energy spectrum and all solid angle. In addition, the
neutrons to photons ratio has been also estimated along well
defined directions respect to the incident primary beam (0,
± 30o, ± 45o, 90o). We identified the best solution as that
for which, a further increase in the linear dimensions affects
only marginally the photo-neutron yield (only few percent).
The length has been chosen to be ⇥15X0

3 (about 60 mm):
the increase of the cylinder length of 33% (from 15 to 20X0)
induces an enhancement of the neutron yield of less than 3%.
A fine tuning of the final radius has been also done and the
optimum value for the radius has been determined to be ⇥
10X0 (35 mm): 10 times larger radius means to have only
11% more in terms of neutrons per primary, while the increase
of the radius from 1 to 10X0 allows to obtain a gain of the
neutron yield per primary of 35%.

At the end, the optimized cylinder for neutron photo-
production at the Da�ne BTF is a cylinder made of W with
radius 35 mm and length 60 mm. It is shown in figure 2.

Fig. 2. Optimized W target

III. NEUTRONS AND PHOTONS FROM THE OPTIMIZED
TARGET: ENERGY SPECTRUM AND SPATIAL DISTRIBUTION

Monte Carlo simulations have been performed up to now by
FLUKA code. The main goal of these simulations is to give an
accurate estimation of the neutron rate as well as to study the
neutron energy spectra and spatial distribution as function of
the thickness of the chosen target and of all the materials that
can be placed around the target in the experimental set-up.

In figure 3 the expected neutron spectrum [neutron/cm2/pr]
from the W target with optimum geometry has been shown.
As expected, up to 100 MeV the spectrum is described as a

3The radiation length for the W is 0.35 mm

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 1e-12  1e-10  1e-08  1e-06  0.0001  0.01  1

n
//
c
m

2
/p

r

Energy GeV

Neutron Isolethargic plot (dF/dE)*dE

Fig. 3. Energy spectrum of neutron produced in the target

Maxwellian distribution with average energy around 1 MeV
(0.7 MeV, for sake of precision). This contribution is due to
the Giant Dipole Resonance mechanism, according to which
the photon interacts with the nucleus as a whole. The excited
nucleus behaves as a compound nucleus that can return in
fundamental state by emitting nucleons, typically a neutron.
The Giant Dipole Resonace (GDR) is the predominant phe-
nomenon for photon energy lower than 30 MeV. Approaching
the higher energies, the Quasi-Deuteron (QDR) effect adds a
tail to the Giant resonance spectrum, whose slope becomes
steeper as the incident electron energy is approached. In the
QD mechanisms the photon is able to interact with the dipole
momentum of the neutron-proton couple inside the nucleus,
inducing the expulsion of one or both of them. In both
mechanisms (GD or QD resonance) the information about the
incident photon is lost in the interaction with nuclei and the
neutron emission is quite well isotropic, as it is shown in figure
4 where the projection in the vertical plane of the neutron flux,
in the target and in the air around the target itself, it is shown.
The neutron flux at the source has been estimated to be 1.8E-3
n/cm2/primary, that in case of 4.9E+11 primary/s corresponds
to 9.E+8 n/cm2/s.
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Fig. 4. Neutron Spatial distribution around the target: neutron flux [n/cm2/pr]
projected on the ZX plane, averaged in the Y direction.

One of the main limiting aspect of using neutrons produced

EXPERIMENTAL MEASUREMENT AT LNF DAΦNE: N@BTF

W-nat target:  
R =3.5 cm, L=6 cm

The Detector: Bonner Sphere Spectrometer

The LNF-ERBSS includes:

• 8 polyethylene spheres (density 0.95 g·cm-3) 

• 3 polyethylene spheres (density 0.95 g·cm-3) loaded 
with copper and lead

• a 4x4 6LiI(Eu) active scintillator

The inner detector can be passive or active:

• Gold or Disprosium target (activation foil)
(well suited in presence of high photonic background)

• ILi(Eu) Scintillator

• TLD

Wednesday, 6 July 2011

BSS: 8 Spheres + Dy foils

BTF Transfer Line

BTF Experimental Hall

Parameter Value

Energy Range
25-750 MeV (e-)
25-510 MeV (e+)

Transverse emittance 
@ 510MeV

(both planes)

1mm mrad (e-)
10 mm mrad (e+)

Energy Spread 
@ 510 MeV

1% (e-)
2 % (e+)

Repetition Rate 1-50 Hz

Number of particles 
per pulse

1-10^10 

Macro Bunch duration 1 or10 ns

Spot size (mm) 2mm (single particle)
2 cm (high multiplicity)

BTF main e- beam parameters

Wednesday, 6 July 2011

Shield and Extraction lines

To enhance the n-signal/ph-background ratio
along the extraction lines, several cap configurations 
have been foreseen and studied and other solutions are in 
progress. 

-15 cm of lead (11g/cm3) 
 -25 cm in the front dump

-10 cm of polyethylene (0.95g/cm3)

Maximum 
dimensions:

600x600 mm

2 Extraction Lines @ 90°
wrt the beam direction

(Φhole=70 mm)

e

n

n
15 mm

Wednesday, 6 July 2011



Expected Neutrons and Photons:
(target in vacuum)
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Spatial distribution

 Higher intensity and hardest Gammas 
in forward direction. More than 2 order of magnitudes 

of difference in photon fluxes @ 90° and 0 °
wrt beam direction 

Quite well isotropic

X

ZX

Monday, 14 December 2009

The photon and neutron fluxes have been calculated by the USRYIELD card for each direction  

Friday, 22 March 13



EXPERIMENTAL AND COMPUTATIONAL RESULTS

The measurement point twas at ~150 cm from the target and at 90° wr to the impinging electron 
beam line 

Total Neutron Flux per primary particle

Ex. Measurement FLUKA MCNPX

8.04E-7 ±3% 8.10E-7 ±4% 8.02E-07 ±0.2%

The flux above 10 keV is 
6.53E-7 /cm2/pr 

As expected, more than 80% is 
found around the Giant 
resonance (from 10 KeV up to 
20 MeV) 

Statistical uncertainty in the 
calculations less than 4%

Lethargic (dϕ/dE)*E spectrum normalized to the total flux

  Neutron Flux at 1.5m from  
shield = 4E+5 n/cm2/s 

corresponds to  
Equivalent Dose=45 mSv/h

Max neutron Flux 
 currently available in BTF

The thermal component, representing about 8% of the total
fluence, almost exclusively arises from the lead–polyethylene
assembly and from the walls and materials contained in the
room. The thermal contribution produced within the target is
negligible.

4. Dysprosium activation foils-based Bonner Sphere
Spectrometer (Dy-BSS)

The BSS equipped with passive detectors is used in accelerator
workplaces characterized by high intensity, pulsed time structure,
intense photon component and large electromagnetic noise. The
passive detectors most suited for electron facilities are certainly
the activation foils, due to their insensitivity to photons, to the
good knowledge of the cross-sections and to the possibility to
perform very precise measurements even with portable counters.
Gold [8,9], indium [10] and dysprosium [11,12] foils have been
used for this purpose. The Au-BSS exploits the reaction
197Au(n,g)198Au and the b-g emission from 198Au (T1/2¼2.7d; Eb
max¼0.96 MeV, Eg¼0.41 MeV). In spite of its large use, Au-BSS is
characterized by a relatively low response (the specific saturation
activity per unit fluence rate is in the order of 0.4 cm2 g"1 for the

800 sphere at 1 MeV). Its minimum detectable fluence rate was
found to be in the order of 103–104 cm"2 s"1 [13], depending on
the foil dimensions, neutron spectrum, exposure time, exposure
to counting delay and counting time. Increasing the foil thickness
and diameter can lower this figure, but this would also increase
self-absorption and anisotropy effects.

Indium foils, exploiting the reaction 115In(n,g)116mIn and the b-g
emission from 116mIn (T1/2¼54 min; Eb max¼0.6 MeV "1.0 MeV;
Eg¼0.4–1.3 MeV), have been also used. The counting rate is much
higher than for gold foils, but the very short half-life may constitute
a serious limitation for operational measurements.

Dysprosium foils probably constitute the optimal compromise
for operational measurements. The exploited isotope is 164Dy
(28.2% abundance in natural dysprosium). 165Dy is a b–g emitter
with Eb max¼1.3 MeV and T1/2¼2.334 h. The cross-section is
significantly higher than that of gold (#2700 b at thermal energy,
to be compared with the 98.8 b of 197Au).

The Dy-BSS used in this work is based on foils with 12 mm
diameter and 0.1 mm thickness that are analyzed with a portable
beta counter. The impact of parasitic (n,g) and (g,n) reactions
on the beta counting has been investigated in different neutron fields,
including high-energy fields, and no significant perturbations have
been found. The Dy-BSS response matrix was calculated with MCNPX
on the basis of a 68-group energy equi-lethargy structure from
1.5E"9 MeV to 1.16Eþ3 MeV. A validation experiment performed
in the ENEA-Bologna 252Cf reference field allowed estimating the
response matrix overall uncertainty to 72.3%. This figure refers to
the energy interval covered by the 252Cf spectrum, i.e. from 0.1 to
15 MeV.

Details about the response matrix and its experimental valida-
tion are given in Ref. [11]. Recently this system and its extension
to a single-sphere activation spectrometer were successfully
tested in neutron fields from a spallation source [12,14] and from
a fusion-based generator [15].

Because the response matrix of the Dy-BSS is defined in terms
of saturation specific activity (or saturation count rate in the beta
counter) per unit neutron fluence rate as a function of the neutron
energy and of the sphere dimension, the result of a foil counting
should be corrected for the following effects before its use in the
unfolding code: (1) the detector background and efficiency,
(2) the decay between the end of the irradiation and the begin-
ning of the measurement, (3) the decay during the measurement
and (4) the fraction of the saturation activity reached during the
irradiation. The latter (saturation factor Fsat) is given, for constant
rate sources, by :

Fsat ¼ 1"2"tirr=T ð1Þ

where tirr is the irradiation time and T the half-life of the isotope.
In the present experiment this formula could not be used because
the neutron source was pulsed and because each pulse differed
from the others in terms of delivered charge, with a variability as
large as 15% (one s.d.). The Fsat was therefore calculated on the
basis of a pulse-by-pulse discrete calculation [15], relying on the
indication of a charge monitor.

5. Experiment

The energy distribution of the incident electrons was mea-
sured by a spectrometer consisting of a pulsed magnet, which
deviates the beam from the Transfer Line, and a 601 bending
magnet, which focuses the beam on a system of secondary
emission metallic strips [16]. The FHWM of this distribution is
lower than 1%.

To measure the charge and transverse profile of the beam
delivered on the tungsten target, a Bergoz ICT (high sensitivity,

Fig. 3. Comparison between the simulated and experimental neutron spectra over
the whole energy range. Uncertainty bars refer to the experimental data (FRUIT
unfolding).

Fig. 4. Comparison between the simulated and experimental neutron spectra in
the 0.01–100 MeV energy interval. Uncertainty bars refer to the experimental data
(FRUIT unfolding).
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MC ACCURACY WR TO EXPERIMENTAL DATA

GoF tests to asses quantitatively the accuracy around the GDR 
 

Both FLUKA and MCNPX provide 
an accurate reconstruction of the 
experimental resonance, both in 
energy position and amplitude 

χ2=(MC2-Exp2)/(σ2MC + σ2Exp) 

shown. Here the experimental uncertainty is much lower than
that related to the energy bins in the spectrum. It is a known fact
that well-established BSS can measure spectrum-integrated
quantities with accuracy better than 5% [20]. The uncertainty of
the experimental fluence (73.1%) comes from the quadratic
combination of the uncertainty in the calibration factor of the
Dy-BSS (72.3%), the unfolding uncertainty (71.9%) and the
positioning uncertainty spos (71%).

An independent confirmation of the fluence data comes from
the experimental formula of Swanson [21], giving the fast neutron
fluence (energies higher than approximately 10 keV) per unit
electron incident on thick targets. This provides 6.85!10"7 cm"2

(10% uncertainty can be assumed), which is comparable with the
experimental value from this work of (6.5370.20)!10"7 cm"2.

6. Conclusions

The numerical and experimental work described in this paper
allowed an accurate characterization of the n@BTF neutron beam
in terms of total neutron fluence and its energy distribution. Two
independent FLUKA and MCNPX models of the irradiation assem-
bly were built, and the neutron spectra in the reference points
were calculated using the state-of-art photo-neutron physics
implemented in the codes. The same predicted values (within
uncertainties) of total neutron fluence were obtained and the
simulated spectra obtained with the previously cited Monte Carlo
codes are in good agreement, with limited differences ascribable
to different cross-section libraries and photo-nuclear models. The
neutron spectrum was measured with a well-established Bonner
Sphere Spectrometer equipped with dysprosium activation foils.

The experimental results are in agreement with the simulations,
taking into account the limitations due to the modest energy
resolution of the spectrometer and to the impossibility to use
extended range metal-loaded spheres. Further investigations are
foreseen, in the direction of developing a photon-insensitive high-
energy spectrometer to accurately measure also the high-energy
component of the neutron spectrum (20 MeV and above).

The n@BTF beam can be used in nuclear physics, material
science, calibration of neutron detectors, studies of neutron hard-
ness, ageing and study of single event effect. Particularly, due to the
short pulse length (1–10 ns) and to the possibility of setting up flight
paths of a few meters length, time-of-flight measurements with
good energy resolution up to the keV region could be performed for
material science (for a flight path of 2 m and a pulse duration of
10 ns, DE/E E1% at 10 keV and 4% at 100 keV). In addition, n@BTF
could be used to test the performance of neutron dosimetry
instruments to be employed in pulsed fields such as those encoun-
tered in laser-based accelerator facilities.
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[15] J.M. Gómez-Ros, R. Bedogni, I. Palermo, A. Esposito, A. Delgado, M. Angelone,

M. Pillon, Radiat. Meas. (2011). doi:10.1016/j.radmeas.2011.06.037.
[16] R. Boni, F. Marcellini, F. Sannibale, M. Vescovi, G. Vignola, DAFNE Linac

operational performances, Proceedings of the European Particle Accelerator
Conference, Stockholm, Sweden, 22–26/6/1998, p. 764; LNF-98/023(P), 27/
07/1998.

[17] A. Esposito, R. Bedogni, C. Domingo, M.J. Garcı́a, K. Amgarou, Radiat. Meas. 45
(2010) 1522.

[18] R. Bedogni, C. Domingo, A. Esposito, F. Fernández, Nucl. Instr. and Meth. A
580 (2007) 1301.

[19] R. Bedogni, M. Pelliccioni, A. Esposito, Nucl. Instrum. Methods A 615 (2010) 78.
[20] B. Wiegel, S. Agosteo, R. Bedogni, M. Caresana, A. Esposito, G. Fehrenbacher,

M. Ferrarini, E. Hohmann, C. Hranitzky, A. Kasper, S. Khurana, V. Mares,
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Fig. 6. Photon spectra at the point of test calculated by MCNPX and FLUKA. The
spectra are normalized per unit incident electron of the target and in equi-lethargy
representation. The total fluence is 1E"5 cm"2 per electron. The fraction of
fluence above 10 MeV is 0.7%. Due to differences in the hardware resources, the
uncertainties in the FLUKA spectrum (10%–20%) are higher than those in the
MCNPX calculations (1%–2%).

Table 2
Result of the sensitivity analysis carried out to determine the variation in the
neutron fluence due to small variations in the instrument positioning.

Neutron fluence per incident
electron F(10"7 cm"2)

FRUIT (experiment) 8.0470.25
FLUKA 8.1270.04
MCNPX (Tally F4) 8.0670.04

(Tally F5) 8.02070.002
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TEST FLUKA-EXP 
𝛘2 TEST: P VALUE 0.967

TEST MCNPX-EXP 
𝛘2 TEST: P VALUE 0.996



GEANT4 UNDERESTIMATES OF 
ABOUT 30% THE PHOTO 
NEUTRONS PRODUCED

WHAT ABOUT GEANT4 PREDICTIONS? 
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NEUTRON SOURCE TERM ESTIMATION FROM BULK W: E- AND GAMMA

510 MeV 
electrons 
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▸ Rigorous Statistical analysis carried out when experimental data are available for all the nuclei and all 
the energy ranges (test of goodness of fit and possibly others, according the needs). The best would 
be to use independent experimental data , that are not used in the parametrisation. 

▸ Since experimental data in high energy range (>150 MeV) are scarse, a special effort will be done  to 
identify possible significant differences in the theoretical models implemented 

▸ the comparison among the results obtained with independent codes could highlight special needs of 
adopting conservative approach for those cases potentially found not in agreement, or, in addition, 
address experiments for benchmarking in upcoming high energy high brilliance facilities (i.e. ELI)  

▸ The comparison of the photo-nuclear cross sections, for all the cases in which we are interested, 
represents  only the initial part of the work (still in progress). The complete analysis will foresee to 
compare the secondary particles and the final state (typology, energy dependence, angular cross 
section, etc) as well

COMPARISON AND VALIDATION OF MC PREDICTIONS

Work approach and strategy:

In the frame of the “Uncertainty Quantification” INFN project, we want to individuate and possibly 
address the solution of some critical implementation in Geant4 (if any, after careful investigation) or 
eventually to promote an improvement of the photo-nuclear implementation inside the code itself.

Main goal:



GOING MORE IN DETAIL OF PHYSICS IMPLEMENTATION IN FLUKA, 
MCNP, GEANT4

SATIF13 2016 DRESDEN, OCTOBER 10-12, 2016 

STEP1: Analysis of the implemented photo-nuclear cross sections. 

• As initial analysis: we focus  on σ(y,abs): the total photo-absorbtion XS 

• In case of heavy nuclei:
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Photonuclear Cross Sections in Fluka

Taking advantage from:
• the new IAEA Photonuclear Data Library for 164 

isotopes (2000) 

• other evaluated data from various Laboratories (ORNL, 
LANL, CNDC, JAERI, KAERI, MSU)

• many experimental data made available via the EXFOR 
database 

190 nuclides data are tabulated :

If experimental cross sections are not available then Lorentz fits of the existing data are used:
•  If Z>29 then Lorentz parametrization is used (with published Lorentz parameters as peak energy, peak height, width) if 

they exist. They are all those reported in the Atlas of Dietrich and Berman Atomic Data and Nuclear Data Tables 38, 199 
(1988), except Pr, Au and Pb, for which we have used the parameters published in Berman et al., Phys. Rev. C36, 1286 (1987). 
otherwise

•  Lorentz parametrization with parametrized Lorentz parameters. (it sounds funny, but Berman and Fultz (Rev. Mod. Phys. 47, 
713 (1975) have published some general formulas giving the 3 Lorentz parameters as a function of A and Z.)

REFERENCE:
A. Fassò, A. Ferrari, P.R. Sala – Photonuclear Reactions in FLUKA: Cross Sections and Interaction Models – AIP Conf. Proc. 769 (2005) pp.1303-1306

Un Important upgrade for the photonuclear 
physics was done in 2005: the Fluka Library 
was updated and completed: 

At present a total cross section data for 190 
nuclides have been inserted

Wednesday, 6 July 2011

[ref]: A.Fassò, A.Ferrari and Paola R. Sala“Photonuclear Reactions in FLUKA: Cross Sections and Interaction Models”



MCNP: PHOTO-NUCLEAR CROSS SECTION IMPLEMENTATION

▸ Photonuclear data, including Nuclear Resonance Fluorescence (NRF), is available for 157 
specific isotopes up to 150 MeV in the endf7u library, 

▸ Photo-nuclear  from 1.0 to 150.0 MeV in tabular range. 

▸ Above the respective energy for the above reactions and for all nuclides that have no data, 
interactions are based on theoretical models with empirical corrections.  

▸ Photo-nuclear reactions are not active in calculations by default.  

▸ The photo-nuclear physics implementation in MCNP had an important upgrade in 2005, when 
new physics packages for photons with energies from 5 MeV to about 2 GeV have been added. 

▸  The added models compliment the existing photo-nuclear data, on the base of the “mix and 
match” capability (available with MCNPX2.5.b , November 2002 ), according to which table 
data are used when available, otherwise physics models are applied 

▸ The photo-nuclear data files, with the .70u designation, are the latest ENDF/VII issued 
libraries, as reported in  https://t2.lanl.gov/nis/data/endf/endfvii-g.html

[ref]: LA-UR-13-22934: https://mcnp.lanl.gov/pdf_files/la-ur-13-22934.pdf

https://t2.lanl.gov/nis/data/endf/endfvii-g.html
https://mcnp.lanl.gov/pdf_files/la-ur-13-22934.pdf


GEANT4: PHOTONUCLEAR CROSS SECTION IMPLEMENTATION

▸ Photonuclear interaction cross sections in Geant4 database are approximated 
for ALL NUCLEI and ALL ENERGIES (from hadron production threshold to 
about 40 TeV). 

▸ The Geant4 database is made of parametrised cross sections for 49 nuclei 

▸ The cross section parametrisation in the different energy range is expressed 
as function of: Atomic mass “A,” energy  “e” and several other parameters 
(ci,pi,si,..) that are calculated for a list of selected 14 nuclei and interpolated 
for all the other nuclei 

▸ Currently the following 14 nuclei are used in the parametrization and 
extrapolation to high energy:

1H 2H 6Li3He 7Li 9Be

12C 16O 27Al 40Ca Cu

Sn Pb 238U

Light

Medium

Heavy

4He

[ref]: J.P.Wellisch, M.Kossov, P. Degtyarenko “Electro and gamma physics in Geant4 ”



COMPLETE LIST OF CROSS SECTION DATA SET IN GEANT4

2H 4He 6Li 7Li 9Be 12C

14N 15N 16O 19F 23Na 24Mg

27Al 28Si 32S 34S 40C 40Ar

54Fe 58Ni 59Co 63.5Cu 65.4Zn 76Se

82Se 107.8Ag 112.4Cd 118.7Sn 126.8I 154Sm

156Gd 159Tb 165Ho 168Er 174Yb 178Hf

181Ta 184W 186W 197Au 204.4Tl 207.2Pb

209Bi 232Th 235U 238U 239Pu

Blu boxes are natural element. The isotopes in the green circles are not documented in the 
Kossov reference work. 

The photo-absorbption cross sections for the isotopes and elements in the red circles have 
been analysed and compared to,respectively: a) IAEA recommended, b) FLUKA 
implemented, c) the MCNP used. 

[ref]: M.V. Kossov “Approximation of photo nuclear interaction cross-section” EPJ A.14, 2002



STATISTICAL TESTS OF COMPARISON AMONG 
IMPLEMENTED CROSS SECTIONS IN THE CODE AND 
THE THE IAEA RECOMMENDED ONES: 

SOME PRELIMINARY RESULTS 1.1. Introduction; Photonuclear Reaction

• Absorption of photons (g) by atomic nuclei and subsequent ejection of photons (g’), 
protons (p), neutrons (n), or heavier particles from nuclei

• Different threshold energy for each particle emission
• Below the particle separation energy, elastic (g,g) and inelastic (g,g’) photon 

scatterings take place. Low level density → Sharp resonance
• With increasing the incident photon energy, the nucleus starts to emit a neutron 

and/or a proton, and the cross section gradually increases.

g’

g
n

p

Giant dipole resonance
Nuclear 
resonance 
fluorescence

3



W184,W186, W: XS COMPARISON

W-NAT (IAEA RECOM., GEANT4, FLUKA, MCNP) 
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Used “Unit Case” to derive the W-nat 
estimated by interpolation in Geant4
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Kolmogorov-Smirnoff 
Test (significance level 
alpha=0.01); 

The null hypothesis: data 
vectors Geant4 and IAEA 
are from populations with 
the same distribution at 
the 1% significance level; 

Result: Rejected



PB-NAT: XS COMPARISON

IAEA rec (=MCNP)

Geant4 

Geant4 Parametrised with: Veyssiere70, Lepetre81,LANL,Ghedira85,Bianchi96,Brookes73,Cadwell79,Arakelian78,Muccifora99

EXFOR Ahrens1985

52.4%

24.1%
22.1%

IAEA recommended: M. chadwigk, P.Young evaluation (A. Lepretre,Veysiier)
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Kolmogorov-Smirnoff Test (significance level alpha=0.01): 
Null hypothesis: Geant4 estimates the recommended IAEA distribution; 
Result: Rejected (p=2.3E-3) 
Kolmogorov-Smirnoff test IAEA-Exp data (with which FLUKA complies) with significance level 
alpha=0.01: 
Null Hypothesis: that is IAEA  (and FLUKA) estimates the real experimental distribution 
Result:  Not rejected



ZN-NAT CASE

Kolmogorov-Smirnoff Test (significance level alpha=0.01). 
Null hypothesis:  Geant4 estimates the recommended IAEA distribution. 
Result: Rejected

Photonuclear Cross Section σ(γ,abs)
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CONCLUSION & FUTURE PLAN

▸ Increasing interest in obtaining accurate estimations with MC codes, especially in high 
energy range (mainly for dosimetric purposes and/or radiation shielding design) 

▸ In case of lack of experimental data, the comparison among the results obtained with 
independent codes, even if not appropriate to validare the simulation observables, could 
highlight special needs of adopting conservative approach for those cases potentially 
found not in agreement or, in addition,  address experiments for benchmarking purposes 
in the future high-energy neutron calibration fields or high brilliance gamma source, as 
eventually they are going to be provided for neutron metrology purposes 

▸ The analysis is in progress and first we will focus on materials that are widely used in high 
energy accelerator context (lead, tungsten, copper, etc):  validation of predictions with 
accurate statistical tests (when experimental values are available), first on the cross section 
(process) and after on the secondary particles produced (energy spectra, angular 
distribution) 

▸ At this stage of the analysis and for the specific cases examined,  Fluka and MCNP show to 
be more “reliable” with respect to Geant4 for photo-nuclear predictions. Anyway, in 
Fluka, original cross section database, contrarily to Geant4 and MCNP, is not accessible 
directly by the user!!
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SATIF13 2016 DRESDEN, OCTOBER 10- 12,  2016 1.1. Introduction; Photonuclear Reaction

• Absorption of photons (g) by atomic nuclei and subsequent ejection of photons (g’), 
protons (p), neutrons (n), or heavier particles from nuclei

• Different threshold energy for each particle emission
• Below the particle separation energy, elastic (g,g) and inelastic (g,g’) photon 

scatterings take place. Low level density → Sharp resonance
• With increasing the incident photon energy, the nucleus starts to emit a neutron 

and/or a proton, and the cross section gradually increases.
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