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Outlook

❖ Introduction to INMRI: Metrological National Institute of 
Ionising Radiation 

❖ Monte Carlo Applications: particle detector design, 
dosimetric calculations,  

❖ Finite Element method Applications: multiplysics 
analysys (structral/thermal/electromagnetic coupling) 



ENEA INMRI Institute
It is charged with the responsibility of developing and maintaining the Italian 

standards in the field of ionizing radiation measurement.

Metrological activities: 

❖ Therapy level and industrial radiation processing dosimetry 

❖ Protection level dosimetry standards 

❖ Radionuclide standards 

❖ Neutron standards



ENEA-INMRI Bldg. T-11: 
Laboratory of Metrology for Therapy-Level Dosimetry 



ENEA-INMRI Bldg. T-5 
Laboratories of Metrology for Protection-Level Dosimetry and 

Radionuclide Measurement 



ENEA-INMRI Bldg. T-2Bis: 
Laboratory of Radon Metrology



ENEA-INMRI Bldg. T-17: 
Laboratory of Neutron Metrology



INMRI Simulation Activities

❖ Extensive use of several among the main Monte Carlo 
codes for dosimetric and metrology characterisation of 
radiation beams, mainly from accelerator driven particle 
sources 

❖ MC for radiation detector development and response 
characterisation (both electron/gamma and neutron fields) 

❖ Finite element codes as support for thermal detector 
response and accelerator component design (particle 
dump)



MC Methods: General Remarks
❖ Deterministic methods provide more exact solutions of approximate models, whereas Monte 

Carlo methods provide approximate solutions of more exact models (stochastic events) 

❖ MC method is eminently suited to study stochastic processes, particularly radiation 
transport, such as motion of photons and neutrons and charged particles through matter. 

❖ Monte Carlo simulations play an important role in the optimisation particle detector design..The 
method uses probabilities distribution functions and random sampling instead to give an 
accurate picture of what can happen. Statistically the random samplings will most often 
demonstrate the most likely possibilities 

❖ The accuracy and reliability of a Monte Carlo predictions depends on the models or 
evaluated data libraries on which the probability distribution functions are based 

❖ Statistical precision of results depends on the number of “histories”(in analogue mode: 1/√N) 

❖ Track of a large number of histories require a big computational resources and large CPU time 

❖ Often variance reduction techniques are required to improve the result accuracy and accelerate 
the statistical convergence( increasing statistics using weight for secondaries, in order to not 
affect the physics)



MC code used in INMRI: 
 Fluka,Geant4, MCNP(X), EGS

General GEANT4 FLUKA MCNP(X) EGS
UPDATE 

VERSION Geant4.10 Fluka 
2011.2c

MCNP6 EGSnrc

LANGUAGE C++ Fortran 77 Fortran 90/C C++

RELEASE 
FORMAT

Source & 
binary

Binary Source & 
binary

Source & 
binary

INPUT 
FORMAT N/A ~85 cards ~120 cards N/A

PARALLEL 
EXECUTION YES YES YES YES

They are general-purpose Monte Carlo code that can reproduce geometric 3D 
configurations of materials and simulate particle transport through them



Finite Elements Codes used in IMRI: 
General Remarks

General ANSYS
COMSOL 

Multiphisics

UPDATE VERSION Ansys14.5 version 5.0

LANGUAGE N/A N/A

RELEASE FORMAT Binary Binary

INPUT FORMAT
Well structured 

predefined command
User interface or by 

script

PARALLEL EXECUTION YES YES



Overview of Some Representative 
Application Cases of MC Codes:



Neutron R&D Activities: 
Design and Optimisation of Innovative Neutron Detectors
In collaboration with INFN (Laboratori Nazionali di Frascati) and CERN within European project 
(BEAM4Fusion, INFN -E)

❖ He-3. is obtained from Tritium production for use in nuclear weapons by 
Tritium ß-decay into 

3

He with a half life of 12.3 years. 

❖ Only the US and Russia are providing significant amounts of He-3. With the 
end of the Cold War 

3

He production from Tritium decay has been reduced 
significantly and since September 2001 the demand of 

3

He has increased 
drastically due to security program launched in US and other countries. 

❖ Severe depletion of the existing 
3

He stockpile and shortage 

In this frame it is easy to understand  the strong importance of MC 
simulations as a valuable and “costless” tool to address the research 
toward new neutron valuable detector in alternative to the He-3.

!



B-10 Cathode: MC Optimisation of “Gem SideOn” 
Detector Design

Results of simulations, shown in figure, refer to Al2O3 plate 
coated (on both sides) with B-10 uniform layers in ArCO2 hit by 
thermal neutron. 

A primary (25 meV) neutron beam impinges perpendicular to the 
wider sheet surface, (zero divergence) 

The simulations intended to help in seeking the optimal 
geometrical set-up and material thickness (converter layer, gas 
gap, sheet substrate) to improve the final detector design in 
terms of achieving the best detector efficiency possible. 

de-excites to the ground state (B10!13 s) by
releasing a 480 keV gamma ray. The remaining
6% of the reactions result in the 7Li ion going
directly to its ground state. The microscopic
thermal neutron absorption cross-section is
3840 b. Additionally, the microscopic thermal
neutron absorption cross-section decreases with
increasing neutron energy, with a dependence
proportional to the inverse of the neutron velocity
(1=v) over much of the energy range [5,6].

The 6Li(n,a)3H reaction leads to the following
products:

6Liþ1
0 n-

3H ðat 2:73MeVÞ þ a ðat 2:05 MeVÞ
Reaction Q-Value ¼ 4:78 MeV

which again are oppositely directed if the neutron
energy is sufficiently small. The microscopic
thermal neutron (0.0259 eV) absorption cross-
section is 940 b. The thermal neutron absorption
cross-section also demonstrates a 1=v dependence,
except at a salient resonance above 100 keV, in
which the absorption cross-section surpasses that
of 10B for energies between approximately 150 and
300 keV [5,6]. Additional resonances characteristic
to either isotope cause the absorption cross-section
to surpass one or the other as the neutron energy
increases. Due to its higher absorption cross-
section, the 10B(n,a)7Li reaction leads to a

generally higher reaction probability than the
6Li(n,a)3H reaction for neutron energies below
100 keV. However, the higher energy reaction
products emitted from the 6Li(n,a)3H reaction
lead to greater ease of detection than the particles
emitted from the 10B(n,a)7Li reaction.

There are other neutron reactions that have
been used in solid-form films for thermal neutron
detectors, including the 157Gd(n,g)158Gd reaction
[7–11] and the 113Cd(n,g)114Cd reaction [12,13],
both of which have very large thermal neutron
reaction cross-sections. The 157Gd(n,g)158Gd reac-
tion leads to the emission of various low energy
gamma rays and beta particles, most of which are
emitted at energies below 220 keV. The appeal of
using 157Gd is due to its large thermal neutron
cross-section of 240,000 b [5,6], but the resulting
low energy conversion electron and gamma ray
emissions can be difficult to distinguish from
background gamma rays in a high radiation field.
The 113Cd reaction is intriguing as well, with its
thermal neutron absorption cross-section of
20,000 b [5,6]. Discreet gamma ray emissions from
the 113Cd(n,g)114Cd reaction extend beyond
9MeV, however the salient gamma ray emissions
are at 558.6 and 651.3 keV [14,15], which can be
discerned with a relatively high resolution gamma
ray spectrometer. Unfortunately, any gamma ray
spectrometer capable of detecting the

Neutron

6Li

7Li
1.02 MeV

3H
2.73 MeV

7Li
840 keV

10B

α
1.78 MeV

α
2.05 MeV

α
1.47 MeV

γ
480 keV6% 94%

Fig. 1. The two most commonly used neutron reactions for thermal neutron detection purposes are the 10B(n,a)7Li reaction and the
6Li(n,a)3H reaction.
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Results of simulations by Geant4 shown in figure refer to a primary neutron beam, 
perpendicular to the wider sheet surface, zero divergence, uniform in energy (25 meV 
kinetic energy without any energy spread),

Geant4: 
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“MC optimisation of Gem SideOn 
Detector Design” 

Please Refer to the G.Claps talk for other details of this work

The reaction products are released 
in opposite direction when thermal 
neutrons are absorbed by B-10.  

After the absorption 94% of the 
reactions leave le Li7 in its first 
excited state, which rapidly de-
excite to the ground (10^-13s) by 
releasing a 480 keV gamma).



α 3D scatter plots: Particle Entering into the Gas

Pinto MoutGas

These plots refer to the case of a double coated plate with 300nm Boron film. The angular 
contribution to efficiency attenuation become an issue for value of the convert thickness above 
1000nm, as shown in the following slides

angular momenta



α 3D scatter plots: Particle Entering into the Gas

Pinto MoutGas

These plots refer to the case of a double coated plate with 300nm Boron film. The angular 
contribution to efficiency attenuation become an issue for value of the convert thickness above 
1000nm, as shown in the following slides

angular momenta



Multiple Sheet Detector Geometric Configuration 
Optimization

Energy deposited by the charged particles in the gas as a function 
of the number of sheets in a fixed volume with two-side 300nm 
B-10 thickness. Four cases have been simulated: 5, 10, 15, 18  
(gas gap, respectively,  1cm , 0.5 cm, 0.3125cm and 0.25cm )

Optimal configuration with respect to maximize the number of charged particles that can ionise the gas region    

A. Optimal distance among stacked plates  (coating 
thickness and the volume fixed)                

A detailed estimation of the energy deposited in each gas 
region in between two adjacent sheets indicates that more 
than 95% of the total kinetic energy of all alphas and 7Li 
ions is deposited within 0.5 cm from the sheet 10B external 
surface. An optimum gap of 6 mm has been assessed

 B. Optimal thickness of the coating (fixing the 
number of sheets and the relative distance)

This analysis shows that an optimum B-10 thickness exists for a given 
volume and number of sheets: in case of 5 sheets it is around1800 nm.

The optimisation process has required parametric 
calculations (i.e changing the layer converter 

thickness) and since each case is high cpu 
demanding, this kind of analysis has been possible in 

a reasonable time tanks to the high level 
computational resources of CRESCO4



MC Predictions and Experimental Results: Comparison 
for 5 Sheets 300 nm B-10 Detector at ENEA TRIGA 

❖ TRIGA reactor at the ENEA-Centro Ricerche 
Casaccia (Rome): 

❖ The reactor can be operated at different 
powers from a few Watt to 1 MW with a 
neutron flux of about 2 E+6 n/cm2/s at the 
maximum power, whose spectrum is shown in 
the picture
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Difference between MC prediction and the measurement likely due to:  
❖ the overall charge production/amplification/threshold in the 

detector stages, that is not included in the MC model;  
❖  a possible contamination of B

2
O

3
 and the reduced density of the 

films with respect to the bulk value in the conversion film 
(importance of the spectrometric analysis of the layer) 

❖ The experimental contribution of the external face of the first 
sheet is lost, whilst it has been taken into account in the simulation

is shown in Fig. 1. The neutron beam impinges laterally onto the
detector rather than onto the cathode, as typically happens in
almost all GEM-based detectors applications. When a neutron is
absorbed into the 10B layer, an alpha particle and a 7Li ion are
produced following the reactions n+10B-4He+7Li (Q¼2.8 MeV,
BR¼7%) or n+10B-4He+7Li+γ(478 keV) (Q¼2.3 MeV, BR¼93%).
These charged particles ionize the Ar/CO2 gas mixture (70%/30%)
in the drift region of the detector thus producing secondary
electrons. These, moved by the electric field in this region, reach
the three GEM foils where they are further proportionally multi-
plied in cascade, inducing a detectable signal in the pad-based
readout. The 128 pads 3"6 mm2 are organized in a matrix of
16"8; the 8 rows are parallel to the glass sheets while only 8 over
16 columns are below the borated part. For this prototype the rows
pitch is not equal to the sheets one. In this prototype detector, a
series of five glass sheets 40"10"1 mm3 were borated, while
another set of five sheets (identical to the previous ones), placed
into the same detector, were not borated in order to check, under
localized irradiation, the difference between the two sets. Fig. 2
shows a picture of the sheets setup in the detector.

10B coating was obtained by means of electron beam evapora-
tion techniques. Film depositions were carried out in a vacuum
chamber equipped with a multi-crucible Thermionics 3 kW elec-
tron beam system with 4 kV of electron acceleration voltage and
750 mA of maximum current. Boron tablets of 0.5 in. diameter
were used as source for evaporation using 10B enriched boron
metal powder (isotopic 10B497 at%, Eagle Picher Technologies,
LLc). Five glass substrates were disposed side by side on a rotating
sample holder in such a way that both surfaces can be subse-
quently exposed to the evaporation source and substrates can be
completely coated during the same coating process. Film growth
rate was monitored by a quartz crystal controller and fixed at

0.2–0.3 nm/s by tuning the electron beam current, Ib. The distance
between evaporation source and sample holder was 12.5 cm.
In this configuration, the film thickness uniformity across the
whole deposition area 40"50 mm2 is greater than 90%. Each
surface was coated with 300 nm 10B film. Although the optimized
thickness may be in the order of about 1 μm, this thickness was
chosen to achieve a low intrinsic efficiency for a single sheet, as
the detector was to be used on the direct neutron beam in a
condition similar to a beam monitor. Films as thick as 680 nm
were successfully deposited on a single surface exhibiting good
adherence and stability against aging (no delamination occurred
within 2–3 months). For this reason, it is reasonably expected that
sheets with 1 μm thick 10B films on both surfaces can be easily
produced simply using bigger tablets on larger crucibles.

3. Monte Carlo simulations

Monte Carlo simulations of glass sheets coated with 10B layers,
hit by thermal neutrons, have been performed to estimate the
expected yields of charged particles, produced by the neutron
capture on 10B. These simulations were done using mainly the
Fluka code [11] and then Geant4 [12] for benchmarking purposes.
The reference case for validation has been assumed to be the
single glass sheet coated on the two parallel wider external
surfaces with a 300 nm 10B layer. Indeed, in this case the thickness
of converter is sufficiently thin, so that the Monte Carlo predic-
tions are expected to be in agreement with the theoretical
expectations.

The energy spectra and angular distributions of alphas and 7Li
ions entering into the Ar/CO2 (70%/30%) gas region, around the
sheets, were accurately simulated.

Fig. 1. Schematic of the sheets setup within the GEM-based detector: neutrons impinge laterally onto the detector and the beam interacts with the sequential arrangement
of borated glass sheets.

Fig. 2. (left panel) Inner view of the detector before complete assembly showing the positions of the borated and naked glass sheets; and (right panel) final detector
assembly during the measurements on beam at ISIS spallation neutron source (see text for details).

A. Pietropaolo et al. / Nuclear Instruments and Methods in Physics Research A 729 (2013) 117–126118
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a b s t r a c t

A thermal neutron detector based on the Gas Electron Multiplier technology is presented. It is configured
to let a neutron beam interact with a series of borated glass layers placed in sequence along the neutron
path inside the device. The detector has been tested on beam both at the ISIS (UK) spallation neutron
source and at the TRIGA reactor of ENEA, at the Casaccia Research Center, near Rome in Italy. For a
complete characterization and description of the physical mechanism underlying the detector operation,
several Monte Carlo simulations were performed using both Fluka and Geant4 code. These simulations
are intended to help in seeking the optimal geometrical set-up and material thickness (converter layer,
gas gap, sheet substrate) to improve the final detector design in terms of achieving the best detector
efficiency possible.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The research and development activity on He-free neutron
detectors is of strategic importance for neutron applications in
science and technology. As a matter of fact, the lack of 3He is
triggering an interesting and stimulating technological effort in
finding out effective substitutes of the He-gas tubes typically
operating at both reactor and/or accelerator driven neutron sources
worldwide.

The most important request for the new detectors is to provide a
high detection efficiency (above 50%), high rate capability (MHz/cm2)
and large area covering (1 m2 just to give an order of magnitude).

Boron technology seems to be an effective way as indicated by a
series of experimental and simulation studies [1–4] although other
approaches, for example based on radiative capture, are also being
investigated [5].

In this paper, we report about an experimental study carried
out on the Gas Electron Multiplier (GEM) [6] technology at the ISIS
spallation neutron source. In particular, a triple GEM device [7,8]
was setup with a series of glass sheets, borated on both surfaces,

acting as neutron-charged particle converters with the neutron
beam impinging laterally onto the detector rather than frontally, as
typically happens in other particle applications [9,10]. The aim of
this work is to characterize the detector performances in terms of
linearity of the response, efficiency and gamma background
rejection. A series of Monte Carlo simulations, using two different
codes, were also performed for a thorough description of the
physics underlying the detector's operation and as a mandatory
validation step for other simulations of more complex detector's
architectures that should lead to define a more efficient device.

The manuscript is organized as follows: in Section 1, we
describe the device, including a brief discussion on the procedure
to obtain 10B coating on glass sheets; in Section 2, we provide
three sets of Monte Carlo simulations to optimize the detector
performance and to determine the expected efficiency of the
device with the dimensions and parameters adopted; in Section 3,
we include the description of the experimental tests of the device in-
beam, performed at the ISIS spallation neutron source (Rutheford-
Appleton Laboratory in UK). In those experiments we demonstrated
a fairly good agreement with our calculation predictions. Finally in
Section 4, the conclusions are presented.

2. Description of the device

The conceived device, assembled at the Laboratori Nazionali
di Frascati of the Istituto Nazionale di Fisica Nucleare (LNF-INFN)
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Development and Characterisation of Diamond Detectors for 
Dosimetry for Hadrotherapy 

 (M.Pimpinella, L.Silvi and C.Caporali)
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In collaboration with University of Tor Vergata and CNAO within collaboration for Metrological  European Project  

❖ MC simulations are used for developing and characterizing 
new devices for challenging dosimetry required by modern 
radiotherapy modalities 

❖ At ENEA diamond detector prototypes fabricated at Rome 
Tor Vergata University have been characterised in terms of 
absorbed dose to water response by MC simulations 
performed on CRESCO 4 

❖ Correction factors for dosimetry in small photon beams 
have been calculated for prototypes as well as for the 
commercially available detector by PTW, Freiburg, Germany 

❖ Due to the very small detector sensitive volume (0.004 
mm3) in a large medium (water 30 cm3), MC calculations 
are very time consuming taking hundreds of CPU hours 
to reach the required statistical uncertainty (about 0.1% 
on absorbed dose in the 0.004 mm3 scoring region)



Neutron Survey Meter Particle Sensitivity Estimations 
and Response Function of Bonner Sphere Spectrometers

1 MeV energy deposited by neutrons
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First Measurement: Raw Data Elaboration

• We worked in integration modality using the spheres in sequence (one after another).

• The exposition time was about 0.5 h for each sphere (depending on the primary electron beam 
intensity).

• All the responses of the detectors have been normalized with respect to the primary beam: this 
means to make available a reliable diagnostic instrumentation for the beam current monitoring 
(ICT).

Response function
 Response functions of the ERBSS were calculated with 
MCNPX Monte Carlo transport code.

The response matrix of the ERBSS was validated in 
reference neutron fields and its overall uncertainty was 
estimated to be ±3%. 

In order to obtain the neutron final spectra from the 
raw data of each sphere a special unfolding program has 

been developed at Frascati:

FRUIT**
(FRascati Unfolding Interactive Tool)

**Nuclear Instruments and Methods in 
Physics Research A 580 (2007) 1301-1309
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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
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Highlight on Simulation 
Activities in progress



On-going Activity: Calibration and Monte 
Carlo Modelling of Neutron Long Counter 

❖ The long counters (“De Pangher”) will be put in 
operation as a transfer standard for neutron 
fluence measurements. This represents one of 
the main goals to reach before the end of 2015.

Fig. 1. Schematic diagram of a De Pangher long counter (not to scale).

probability of reaching the slow neutron detector.
Holes, drilled in the front of the moderator, im-
prove the e$ciency for counting low-energy neu-
trons, which would otherwise be absorbed before
reaching the BF

!
tube, thus further #attening the

response function below a few hundred keV. A cad-
mium sheet was added on the front face of the
counter to shield against direct thermal neutrons.
The Hanson and McKibben design was followed
10 years later by an improved version by Mc-
Taggart [3], which received widespread acceptance
as a standard long counter. However, various
measurements using these counters showed that the
response was not reproducible from counter to
counter. In 1966, De Pangher and Nichols [4], with
reproducibility in mind, improved on the design,
mainly by specifying the internal and external di-
mensions of the counter and by using high-density
polyethylene as the moderator, boron-loaded poly-
ethylene for the inner layer of the shield, an alumi-
nium outer casing, and thicker cadmium sheets
both at the front and back of the counters (see
Fig. 1). They also replaced the front holes by an
annular trough. A batch of six of these counters,
known as De Pangher counters, were produced in
the UK and an inter-comparison reported by
Marshall [5] showed a good agreement (within
0.5%) for their e$ciency when measuring neutrons

from two radioactive sources with widely di!erent
neutron spectral characteristics.

The National Physical Laboratory routinely
uses two types of long counters. One is a De
Pangher long counter with a 38 mm (1"

#
!) outer

diameter BF
!

tube; it is one of the six mentioned
above. The other, built at NPL, is a McTaggart
type, which has a 50 mm (2!) outer diameter BF

!
tube for increased e$ciency. These counters will be
referred to as the De Pangher long counter and the
NPL long counter, respectively.

At the NPL, neutron #uences are standardised
using the above long counters, and since they are
neither 100% e$cient nor perfectly #at in their
response as a function of neutron energy, they
themselves need to be calibrated. The solution ad-
opted in this work was to measure the response
with well-characterised radioactive neutron sour-
ces, predict the response functions by Monte Carlo
radiation transport calculations and "nally nor-
malise the predicted response curves using the
source measurements.

The counters were last calibrated in the late
1970s and early 1980s by Hunt [6] using a method,
which is similar to the above one. However, the
responses functions were then calculated empiric-
ally, using a formula based on available hydrogen
and carbon cross-section data (BNL325), as

H. Tagziria, D.J. Thomas / Nuclear Instruments and Methods in Physics Research A 452 (2000) 470}483 471

Schematic of tranversal cross section of 
the “De Pangher”Long counter 



Feasibility Study of a Thermal Neutron Irradiation System 
for Calibration of Personal Dosimeters in Terms of Hp (10)  

Goal: 35 cm diameter cylindrical air cavity (to 
allow the uniform irradiation of 30cm ︎x30cm 
︎x15 cm water slab phantom, according to what 
stated on Hp(10) by International Standard ISO 
8529-3 )  

It is foreseen to use AmBe sources to reach in 
the cavity at least a neutron fluence rate 
around 5 10+4 cm-2 s-1 

2 m3 reactor grade graphite; Polyethylene shell 
in addition and other suitably chosen materials 

Thermal fluence homogeneity should be 
guaranteed   within few percent (the design of 
suitable flattening filters are also considered) High purity reactor grade 

graphite already available

Monte Carlo estimations to optimise shape, material thickness, source distribution in order to 
maximise the thermal flux density inside the column.



Characterisation of Accelerator Driven 
Source for Metrological Purposes 

by MC Codes



Simulations of Photo-neutron Accelerator Driven 
Sources: IRIDE Case

Above a given neutron flux (10^16 n/s) the spallation 
will be preferred while for the lower fluxes, the 
photonuclear process will tend to be more 
convenient

 1 
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Astract 
 

This report describes the scientific aims and potentials as well as the preliminary 
technical design of IRIDE, an innovative tool for multi-disciplinary investigations in a 
wide field of scientific, technological and industrial applications. IRIDE will be a high 
intensity “particle factory”, based on a combination of a high duty cycle radio-frequency 
superconducting electron linac and of high energy lasers. Conceived to provide unique 
research possibilities for particle physics, for condensed matter physics, chemistry and 
material science, for structural biology and industrial applications, IRIDE will open 
completely new research possibilities and advance our knowledge in many branches of 
science and technology. IRIDE will contribute to open new avenues of discoveries and to 
address most important riddles: What does matter consist of? What is the structure of 
proteins that have a fundamental role in life processes? What can we learn from protein 
structure to improve the treatment of diseases and to design more efficient drugs? But 
also how does an electronic chip behave under the effect of radiations? How can the heat 
flow in a large heat exchanger be optimized? 

The scientific potential of IRIDE is far reaching and justifies the construction of 
such a large facility in Italy in synergy with the national research institutes and 
companies and in the framework of the European and international research. It will 
impact also on R&D work for ILC, FEL, and will be complementarity to other large scale 
accelerator projects. IRIDE is also intended to be realized in subsequent stages of 
development depending on the assigned priorities. 

7th  Information Exchange Meeting on Actinide and Fission Product P&T (NEA/OCDE), Jeju, Korea, 14-16 Oct. 2002 
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photonuclear one. On the other hand, even the neutron cost is higher, the accelerator cost is much 
lower in the case of electron machine.  Therefore, for the same neutron flux required, a higher 
electron intensity  (and beam power) will be needed due to the lower efficiency. Thus, above a 
given neutron flux,  the spallation will be preferred while for the lower fluxes, the photonuclear 
process will tend to be cheaper. This is illustrated in Fig. 0, where for a given neutron flux, both 
an electron machine as well as a proton accelerator has been cost effectively estimated. Note that 
this is only machine cost, which does not include manpower or buildings(which again are 
certainly cheaper for the electron machine). In brief, for neutron source intensity higher than 
1017n/s, the spallation process will start to appear more effective, while below this value the 
photonuclear process is favored. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 0. Spallation versus photonuclear process for neutron production [2]. 
  
Modelling procedure and geometry considerations 
 
A simplified model of the neutron irradiator has been created using a typical MCNP [6] geometry 
setup in 3D. MCNP was also used to obtain  the keff  eigenvalues and  neutron fluxes. Neutron 
production with electrons was modeled by the same MCNP code enhanced  with photonuclear 
capability [8]. In all cases the recommended IAEA photonuclear  data files have been used [4]. 
Both (?,n), (?,2n) and (?,fiss) reactions were taken into account explicitly  for all materials used in 
the problem and with a corresponding full secondary neutron  transport. 
 
Below we present two different geometry configurations, although in both cases the neutron 
production target is a spherical uranium envelope. The major difference between them is that in 
one case electrons interact with the target from inside, while in the second case – from outside as 
explained in more detail below. 
 
Spherical geometry G1 
  
A proposed electron target is 2 cm thick and made of enriched uranium  (~19g/cm3). Its total 
volume and mass is ~17000cm3 and ~323kg respectively. An electron beam is dispersed at the  
entrance of the  system, so it can interact with nearly half of the actual surface of the inner 
uranium envelope as shown  in Fig. 1. We choose 100 MeV electrons since  neutron production is 

Spallation source are very effective in producing neutrons, 
but are large and expensive 
Electron drivers although are much less effective in 
neutron production are rather cheap and compact 
machine that might also bring advantages in terms of 
reliability
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This paper describes the scientific aims and potentials as well as the preliminary technical design of
IRIDE, an innovative tool for multi-disciplinary investigations in a wide field of scientific, technological
and industrial applications. IRIDE will be a high intensity “particles factory”, based on a combination of
high duty cycle radio-frequency superconducting electron linacs and of high energy lasers. Conceived to
provide unique research possibilities for particle physics, for condensed matter physics, chemistry and
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W Target Optimisation for Neutron Yield as a Function 
of Primary Electron Energy

e- /e++bunch

1 Neutron Photoproduction: physics principles

High energy electrons impinging on a target produce a continuous spectrum of bremsstrahlung
photons. These gamma rays can generate neutrons via photo-nuclear reactions As the nu-
cleons are bounded in the nucleus, the (�,n) reaction will occur only if the the �-ray energy
is at least equal to the bending energy of the neutron target: photoneutron production is
essentially a threshold process (see figure 1).
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Figure 1: Threshold for photoneutron production
for different materials

Figure 2: Typical photoneutron cross section be-
haviour for medium (Cu) ans high Z (W) materials

Photonuclear interaction is mainly the result of three specific processes:

• GDR-Giant Dipole Resonance. The electric field of the photon transfer its energy to
the whole nucleus by inducing an oscillation (known as giant resonance oscillation),
which leads to a relative displacement of tightly bound neutrons and protons inside
the nucleus. Absorption of the incident photons excites the nucleus to a higher
discrete energy state and the extra energy is emitted in the form of neutrons. For
heavy nuclei, the excited nucleus comes into ground state by emission of neutron
n (�,n). Some contribution from double neutron emission (�,2n) is also possible
for higher photon energies. Because of the presence of the large Coulomb barrier,
proton emission is strongly suppressed for heavy nuclei (on the contrary, below
Z=20 the proton yield is in general larger than the neutron yield).

• QD-Quasi-Deuteron. When Photon energy is greater than 35 MeV, the cross sec-
tion for the giant resonance neutron production decreases rapidly. At 35 ⇥ E ⇥
140MeV, the photoneutron production is due to quasi deuteron effect. In this pro-
cess, he incident photon interacts with the dipole moment of a neutron-proton pair
inside the nucleus rather than with the nucleus as a whole.

• Intranuclear Cascade. Above 140 MeV photoneutrons are produced via photo-pion
production

The photo-neutron cross section exhibits the behaviour shown in figure 2: it starts
to rise for E ⇤ E(th), reaches a maximum and after decreases. The cross section has
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Table 1.6: Performances of coherent diffraction radiation (CDR) source. 

Coherent Radiation parameters 
Wavelength (µm) > 50  
Peak power (MW) > 100 
Micropulse energy (µJ) ≈ 100 
Micropulse duration (fs) 200 

Table 1.7 summarize the performances of the IRIDE neutron source compared to other 
existing sources. 

Table 1.7: performances of the IRIDE neutron source 

Facility 
Parameters nElbe Gelina nToF ISIS IRIDE 

Source SC e- Linac e-Linac p 
spallation 

p 
spallation SC e- Linac 

Part E 
(MeV) 

40 120 20000 800 1000 (2000) 

Max Power 
(kW) 

18 11 45 160 32/1000 
(pulsed/continuous) 

Neutrons/s  3.4E+13 3.2E+13 8.1E+14 1E+16 7E+14/3E+15 
 
 

Table 1.8: parameters at the IP of the IRIDE linear collider for 3 GeV c.m. energy 
Parameters Units Electrons 

>< 
Electrons 

Electrons 
>< 

Positrons 
    
Beam energy [GeV] 1.5 1.5 
Beam power [MW] 0.45 0.53 
Charge  [nC] 0.3 0.35 
Bunch length rms [µm] 270 150 
Peak current  [A] 333 700 
Rep. rate  [MHz] 1 1 
Average current  [mA] 0.3 0.35 
Transverse rms spot at IR  [µm] 0.5 0.5 
Norm. emittance  [µm] 2 5 
Beta at IR  [mm] 0.4 0.15 
Disruption parameter D 2.6 1.23 
Beam-strahlung parameter δΕ ~10-7 ~10-6 
Luminosity enhancement 
factor  

HD 1.6 1.2 

Luminosity cm-2s-1 1.1 1032 1.3 1032 
 

Optimized target as designed exploiting  
MC parametric simulation results 
W cylinder R=35 mm L =60 mm 

(Z=74; ϱ=19 g/cm3; X0=0.35 cm; MR=0.9 cm)



Computational issues of photo-nuclear physics in 
particle transport codes 

For a long time photonuclear processes were 
neglected mainly due to the lack of complete 
evaluated data for applications  
Photonuclear data are isotopic in nature, the 
cross sections showing irregular dependence 
on atomic number (Z) and atomic mass (A). 
Thus while photoatomic data are readily 
tabulated by element photonuclear data must 
be tabulated for each isotope of an element  
A relatively complete photonuclear 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)  
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From the computational point of view the photo-nuclear 
(photo-neutron, in the specific case) process simulations are 
heavy since the cross section are small wrt other EM/
hadronic processes. In order to have statistically accurate 
results for the neutron yield, very high statistics is needed 
The possibility to use parallel calculations on CRESCO 
Cluster was a fundamental option to achieve statistically 
significant results



Simulation of Radiation Beams Used for Advanced Radiotherapy 
Modalities by Modelling Clinical Radiation Facilities 

 (M.Pimpinella, L.Silvi and C.Caporali)
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❖ The most time consuming calculations are 
re la ted to tun ing the s imulat ion 
parameters with experimental data (dose 
released).  

❖ Ava i lab i l i t y o f h igh per fo rmance 
calculation systems allows a more accurate 
beam characterization and therefore helps 
to improve reliability of clinical dosimetry. 

❖ Recently small photon beams used for 
stereotactic radiotherapy have been 
successfully simulated in the framework of 
a European metrology project aiming at 
developing measurement procedures 
appropriate in beam sizes below 2 cm.



Overview of Some Representative 
Application Cases of FEA Codes



Thermal design of Dump of ELI 
“Extreme Light Infrastructure - Nuclear Physics ELI - NP”

http://www.eli-beams.eu

In collaboration with INFN (Laboratori Nazionali di Frascati)

3D view of ELI-NP lasers, linac and experiments rooms   

❖ Temperature distribution simulations 
inside the dump for the higher 
energy electron beam (800 MeV).  

❖ Both static and transient analysis
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Eli Beam Dump and Thermal Load Scenario

• Particle type= electron 
• Energy =840 MeV 
•Average rate= 9.9E+12 s-1 
•Divergence= 2 mrad 
• Spot size (dump inlet)= 1 cm 
•Overall power deposited: 1340 W 
•Duty cycle: 172 h of continuously beam 

released at maximum power + 12 h 

6.2 Charged Particle Beamlines

This first type can be contained in a space of 8 × 20m2.
The second type will require a larger area since the electron beam optics and diagnostics will

require a considerable length.
In the next figure we can see a simple schematic of the second type of target station.

Figure 6.33: Generic setup for experiments with electron beamlines including electron beam optics
and diagnostics.

The modularity of the experimental as well as the radiation shielding between target station
room we are proposing are not compatible with a large gantry crane. However, lifting of heavy
weight in all area is a fundamental requirement and should be planned from the beginning.

The heaviest items to be transported in the experimental area will be the shielding blocks.
These blocks need to be moved when a setup change require the change of the shielding con-
figuration or to allow the entrance of large setup elements such as optical tables, large vacuum
vessels, etc. One possibility to move these heavy elements using air bearings. The use of air
bearings in the laboratory should be planned from the beginning since the floor and the space
organization need to be prepared for it.
12. Control room (for electron sources for users)
Each experimental area should have a control room for experiments, particle and radiation
sources and laser beam delivery.

Like the corresponding experimental room, the control room should be flexible, configurable
and should on each moment have the same functional organization as the control room.

The central, and permanent, element of the control room is the beam delivery and basic setup
control, to be operated by facility staff. It should control the beam delivery to experiments,
vacuum system of all experiments, gas injection in the experiments, and radiation safety. It
supplies the triggers for data acquisition in the experiments. It controls the access to the
experimental rooms by users (block access if activation radiation exceeds limits).

The secondary elements of the control room are the specific control of the sources (resi-
dent/permanent sources).

The tertiary elements of the control room are the specific control of the electron beam
experiments.

The primary, secondary and tertiary control elements should have a special organization to
promote communication between dependent elements. The space should also be configurable
in order to produce acoustic isolation between elements since different teams can use the same
space at different stages of work.

The basic triggers to be supplied by the primary control element, are (10Hz coincident with
laser) and RF (oscillator or oscillator divided by 1 to 100). The combined use of both signals
allows for the generation of long delay with sub-ns jitter required at experiments.
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❖ Thermal Transient Analysis 
❖ Initial Condition: uniform temperature at 293.15 k  
❖ Thermal load applied as power density generation  (W/m^3) 
❖ Max time of load application 168 h ( 7days continuously) +8 hours of cool-down phase 
❖ Boundary conditions: all external surface are adiabatic 
❖ Goal: check when the lead melting can start

SCENARIO 1



The Finite Elements Model
• 3D Mapped mesh. Element solid70. •green elements =concrete; pink elements=lead; blu elements= air;red elements=tungsten



Preliminary Results
After 168 h  of continuously deposited beam, the 
lead shell reaches its melting temperature (600 K)



Preliminary Results
After 168 h  of continuously deposited beam, the 
lead shell reaches its melting temperature (600 K)



❖ Intensive simulation activities are routinely carried out in INMRI 
ENEA 

❖ The quality and quantity of the scientific work have been increased 
substantially thanks to the high performance of CRESCO cluster 

❖ Future plan foresees even more intense simulation activity. 
Participation to the EMPIR PRT: metrology for accuracy of dose to 
patients in hadron therapy. Task on neutron dose simulations with 
the major neutron transport Monte Carlo codes, for benchmarking 
purposes. 

❖ A fundamental support and high qualified assistanc have been 
provided by the UTICT service with fruitful and synergic 
interactions.
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