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Introduction

Code Comparisons

GEANT4 is a C++
framework for physics
GEANT4 has an
advanced geometry
management system
Object-oriented,
inheritance-based
Easy to code, nightmare
to safety validate (but
that’s not what it’s for)

Geant4 Physics & Applications 
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HEP Applications 
    High Energy Physics has been the first domain to use Geant4 in production, with 
the BaBar experiment. LHC experiments have been using Geant4 in detector 
design and are using it in physics analysis. Geant4 is also the simulation engine 
choice of the next generation of electron machines. 

The CMS detector 

Responding to the simulation needs of the LHC era, with the Higgs boson 
hunting, had been the initial motivation of the creation of the proto-Geant4 

project, RD44, in 1994. 

Projectile de Broglie l(fm) 

Projectile Kinetic 
Energy (GeV) 

Geant4 Electromagnetic Physics 
    The electromagnetic physics covers interactions of gammas, muons and 
electrons, and ionisation of all charged particles. A “standard” package offers an 
implementation suited for applications disregarding effects below a few ~10 keV, 
and a “low energy” one provides approaches (Livermore, Penelope) for more 
accurate modeling of atomic shell effects allowing simulation down to ~250 eV. A 
very low extension, Geant4-DNA, includes particle-molecule effects for an energy 
limit of ~10 eV. The same approach is developed for silicon. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Geant4 Hadronic Physics 
    Hadronic interactions involve three main regimes : high energy, with string 
models (Quark Gluon String [QGS], Fritiof [FTF]), intermediate energy, with intra-
nuclear cascade models (Bertini [BERT], Binary [BIC]), and low energy, with 
precompound, Fermi break-up, fission/evaporation, capture at rest models and 
radioactive decays. From 20 MeV down to thermal energy neutrons are handled 
by means of cross-section databases, with the High Precision [HP] package.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Medical Applications 
    Medical Applications interest in Monte Carlo is the accuracy capability in 
complex structures. Geant4 is used for radio-, proto- & carbo-therapy medical 
research fields. It is used also in optimization of brachytherapy devices, 
radioprotection and nuclear imaging. Large users communities exist in US, Europe 
and Japan. CPU performance boost allowed by Geant4 MT or by GPU prototype 
versions open the possibility for routine usage in treatment planning. 

Simulation of water chemical species migration 
accounting for electrical mutual interaction after a 50 
MeV proton irradiation. Post irradiation chemical 
attacks amount for ~60% of total damages on DNA. 

DNA geometry model simulated : 46 
chromosomes, 332k chromatine pieces, 
30 millions nucleosomes, 6 billions base 
pairs… 
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DNA Scale Level Simulation 
    Project initiated by the ESA, in view of manned mission to Mars: it is a bottom-
up approach of dosimetry. Physics processes are extended down to a few eV, 
based on particle – molecule cross-sections. The approach is applied also to 
silicon, for accurate simulation of  Single Upset Events. 

The ATLAS detector 

Planetocosmics : a simulation tool for planetary 
scale particle transport. The red curve is a proton 
trajectory in the Earth magnetic field. Irradiation 
level around a planet, at ground level, and with 
related activated isotopes can then be predicted. 

The recent Higgs boson discovery 

1 ps 

1 ms 

1 mm 

(a) The simulation energy resolution (in %) in two sampling calorimeters compared with one 
standard deviation measurement (ZEUS calorimeter : E. Bernardi E et al., NIM A, 262, 229-242, 
(1987); G. D'Agostini et al., NIM A, 274, 134, (1989))). 

(b) Comparison of Geant4 energy loss models with ALICE test-beam data (D. Antonchyk et al., 
NIM A, 565, 551-560 (2006); P. Christiansen et al., Int. J. Mod. Phys. E, 16, 2457-2462 (2007)). 

(c) Comparison of angular distribution width (Data/MC in %) for various materials after traversing 
various material thicknesses, data from electron scattering benchmark (C. Ross et al., Med. 
Phys., 35, 4121, 2008). 

Secondary production range threshold (mm) 

(a) (b) (c) 

ADC Log(thickness/X0) 

Intermediate Energy 
Nucleon 

dominating 
behavior 

Low Energy 
Nucleus 

dominating 
behavior 

High Energy 
Quark/gluon 
dominating 

behavior 
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Incident p in Cu/LAr sandwich simplified ATLAS 
hadronic endcap calorimeter 

Examples of models combinations 
in “physics lists” 

Neutron simulation down to thermal energies: 
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Geant4 can use the same neutron data library than 
MCNPX. Verification spectra of MCNP and Geant4 output 
of outgoing neutrons produced in neutron collision. 
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Proton beam line, range shifter and dose 
deposit simulations at HIBMC (Japan). The 
proton energy is 150 MeV. (T.Aso IEEE NSS 
2007 N60-1) 

DICOM geometry and 
dose visualisation with 
« gMocrem » tool: 
http://geant4.kek.jp/gMocren/ 

Space Applications 
    Applications of Geant4 in space cover planetary scale simulation for soil level 
media activation studies, soil composition through X-ray re-emission, space ship 
simulation for radioprotection and electronic single event upset predictions, 
electronic chip scale simulation for accurate understanding of single event upset 
generation. It includes also underground, ground level or satellite cosmic ray 
experiments simulation. 

Very Low Energy 
Atomic and molecular 
structures dominating 

XMM-Newton X-ray telescope, launched in 1999 

Radiation effects on its instruments were 
modeled with Geant4 prior to its launch. 

Geant4 prediction for single 
upset rate is more accurate 
than standard software.  
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A Monte Carlo toolkit for passage of particles through matter 
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Introduction

Code Comparisons

PHITS and MCNP are
monolithic programs
Program can be
validated with standard
inputs
Easy to validate,
nightmare to code
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Introduction

Simulation Strategy

Use GEANT4 for physics
and backgrounds
Use PHITS/MCNP when
necessary for safety
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Introduction

Simulation Strategy Part 2

PHITS and DCHAIN are
actually VERY fast
Can explore material
activation several m
away from target in a
few minutes on a laptop

Phil Bentley (ESS) Possible implementation and collaboration of PHITS at ESS19th January, 2018 5 / 44



Introduction

Material Activation

Good understanding of
materials in bunker
Possible to optimise for
human access
No show-stoppers
Several “forbidden”
materials
Good convergence with
regular communication
with Radiation
Protection group
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G4-PHITS Comparison

GEANT4 vs Other Tools

G4 is free, from CERN,
but now worldwide
collaboration
Extremely well
benchmarked physics
Convenient C++
geometry management
Important for us:
Detector group makes
highly detailed detector
models in GEANT4
We have spent lots of
time benchmarking (see
Doug’s talk)
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Bunker Comparisons

Bunker Model Comparisons

The bunker is a common
shielding area near the
target
(Picture on the right is
an older version)
It is quite large, bigger
than the JPARC bunker,
but a similar idea
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Bunker Comparisons

Bunker Model - IFE

FLUKA work by Rodion
Kolevatov (IFE, Norway)
The dose rate is
dominated by neutrons
Streaming of
intermediate energy
neutrons through the
bunker wall plug affects
the dose, leading to a
suggestion to add
polyethylene near the
wall penetration.
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Bunker Comparisons

Bunker Model - IFE
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Bunker Comparisons

Bunker Model - JPARC

PHITS work by Kazuo
Takeda (RIST, Japan)
The roof and wall appear
to meet the dose rate
objectives for neutron
dose, but there is no
obvious opportunity to
remove shielding
Wall: need for additional
gamma shielding
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Bunker Comparisons

Bunker Model - JPARC
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Bunker Comparisons

Bunker Model - ESS - Roof

CombLayer/MCNP work
by Stuart Ansell
In agreement with
previous two results
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Bunker Comparisons

Bunker Model - ESS - Roof
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Bunker Comparisons

Bunker Model - ESS - Wall

CombLayer/MCNP work
by Stuart Ansell
In agreement with
previous two results
No guide penetration,
additional integration
needed for real
instrument
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Bunker Comparisons

Bunker Model - ESS - Wall
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Core Physics

Core Physics
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Core Physics

Fast Neutron Albedo

Albedo refers to
scattered rays
Moon rock is actually
black, but appears white
in the sky

M Ames; Luc Viatour / www.Lucnix.be
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Core Physics

Fast Neutron Albedo

Between 30% and 70%
of fast neutrons are
scattered back towards
the source
Easy fact to remember:

roughly half of fast
neutrons hitting
shielding will come
back out again

W. E. Selph, ORNL-RSIC-21 (DASA-1892-2)
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Core Physics

Fast Neutron Albedo

Between 30% and 70%
of fast neutrons are
scattered back towards
the source
Easy simplification to
remember:

roughly half of fast
neutrons hitting
shielding will come
back out again

Compare that with
supermirrors!
Of course, supermirrors
only work at very small
grazing angles...
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Core Physics

Multiple Line of Sight

Losing line of sight if
possible saves cost
Certainly helps with
background
Diminishing returns after
2× LOS
Twice line of sight is
recommended strategy
for cost and background
Instrument project
should look at at least
one option

V. Santoro et al
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Core Physics

Secondary Particles

Pion production begins at energies of order 100s MeV
Hadrons (neutrons, protons) of this energy are readily scattered
Each pion can also scatter
Any interaction can free neutrons
This is spallation
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Core Physics

Secondary Particle Equilibrium

Secondary neutrons are
important
Simplification:

Logarithmic behaviour
only begins below
pion production

Usually this is 3 MFP
Adding shielding might
make a problem worse!
Empty spaces can be
good
Guessing can be
difficult, we need to
simulate

A. H. Sullivan, ISBN 1 870965 183 (1992), p. 39

Phil Bentley (ESS) Possible implementation and collaboration of PHITS at ESS19th January, 2018 23 / 44



Core Physics

Hadronic Shielding Materials

Energy (log MeV)
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C. Cooper-Jensen et al, in preparation
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Core Physics

Survey of SNS

Three brightest n sources:
Harp / A2T source —
mitigated by interface
with Tom Shea
(Accelerator)
Monolith interfaces —
earthquake gap between
target & bunker!
Basis shielding —
mitigated by margin of
error on the LOS.

DiJulio et al, Journal of Physics: Conference Series 746 (2016)
012033
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Core Physics

Survey of SNS

Earthquake gap is a
problem at any facility
Conflicting
requirements!
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Core Physics

Survey of SNS

Other interesting facts:
The accelerator is quiet
POWGEN straight
beamline is OK
BASIS thin shielding is
OK out of line of sight

We thought we might see a
safe but significant number of
fast neutrons there, but we
didn’t.
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Background Requirements

Background Requirements
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Background Requirements

Requirements

“The world’s leading neutron source”
Interpreted by almost all instruments as exceeding current world
leading signal-to-noise by factor of 10 1

Typical numbers:
10−6 − 10−7 elastic line to background on inelastic spectrometers
6-8 decades on log-log plot for SANS & Reflectometry
104 Bragg-peak to background on diffraction

1NOSG Handbook, ESS-0039408
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Background Requirements

The Problem

Background limited science is frequently on a log scale.
Weak scattering
Small samples
“New horizons in science”...
The instruments are still radiologically safe
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Background Requirements

Spectroscopy
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Background Requirements

SANS
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Background Requirements

Reflectometry — 10−6 is Possible
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Background Requirements

Reflectometry — 10−3 Doesn’t Cut It

ISIS-TS2

Unacceptable
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Background Requirements

Background Requirements

SNS CNCS and HYSPEC:
BG≈ 11-30 n s−1 whole
detector).
BG:S ≈ 10−3

∼ 100× too high
Instrument proposals:
10−6–10−8 n m−2 s−1

TS2 and LET internal
backgrounds are so low you
even see TS1 background

HYSPEC (SNS), 100× too high

LET (ISIS) Acceptable
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Background Requirements

Background Requirements

Similar problems on
CNCS
Similar problems at
JPARC

Amateras (JPARC)
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Background Requirements

HYSPEC Background Sources

Not trivial to debug
backgrounds
Even if you find sources,
fixing them can be
expensive
Need to fix as much as
possible during early
design

M. Smith et al, ORNL/TM-2015/238
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ESS Cave Echo

Cave Echo Estimate at 150 m

MAGIC source (Uwe Filges) 4
neutrons /cm2 /s
Fairly flat spectrum from keV
to 1 MeV
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U. Filges (PSI)
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ESS Cave Echo

ns Pulse — Compare Model to Other Spallation
Sources

5 × 5 × 5 m3 cave
“Bare structure” tail
matches time structure
very well
No skyshine, A2T,
target, bunker, crosstalk
Illustrates the fast
suppression of boron,
compared to cadmium

M. Smith et al, ORNL/TM-2015/238

Simple model (MCNP+GEANT4+python script)
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ESS Cave Echo

ESS Pulse (CSPEC,TREX)

5 × 5 × 5 m3 cave
∼ 5 m2 detector area
+ TOF broadening (150
m flight)
1 n/s fast neutron count
rate
TREX has ∼ 5×104 n/s
signal
These numbers are
consistent with 10−4

Simple model (MCNP+GEANT4+python script)
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Skyshine

Preliminary Skyshine Results

The ESS accelerator is
very powerful
Skyshine covers the
whole site

VERY PRELIMINARY results :)
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Skyshine

Preliminary Skyshine Results

Broad distribution of
energies ∼ 100s MeV
Skyshine signal is large:
10s n /m2 /s

VERY PRELIMINARY results :)
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Skyshine
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Skyshine

Thank You

Thank you for your attention
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