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Motivation

“Geant4 is a toolkit for the simulation of the passage of

particles through matter. Its areas of application include

high energy, nuclear and accelerator physics, as well as
studies in medical and space science.”

In October 2012 the first Geant4 release with support for
crystal structures was released.

Processes of solid state physics can be implemented to
obtain more realistic simulation of current experiments
which use crystals in their experimental apparatus.

Coherent effects can strongly affect physical process of
particles in crystals.



Motivation

Stand-alone software to simulate coherent effects do not
allow to consider all the processes already implemented
into Geant4.

Geant4 is continuously updated and physics models have
been extensively validated (no need to reinvent the
wheel).

Implementation of coherent effects into Geant4 lead to:

evaluation of their influence on current simulation made with
Geant4

addition of the Geant4 toolkit advantages to the simulation of
current and new experiments based on them
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ORIENTATIONAL EFFECTS OF

CHARGED PARTICLES IN
CRYSTALS




Particle interaction with aligned crystals

Condition for coherent effects: particle direction of motion
nearly aligned with crystal planes or axes.



Crystal

- Ordered pattern of
atoms.

Ki-Bum Kim, SPIE Newsroom, DOI: 10.1117/2.1200812.1396



Crystal

- Ordered pattern of
atoms.

- Aligned atoms can be
seen as planes or axes.

Ki-Bum Kim, SPIE Newsroom, DOI: 10.1117/2.1200812.1396
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Crystal

400 GeV/c protons in Si (220)
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Interplanar potential
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Interplanar potential

Interplanar distance

35
® ¢ ¢ 0 ¢
30}
@ © © 0 ¢
O 0 O 0 0O
c
2 ® © ®© 0
0 A
o
2| ® © © @ @
=
%0 05 10 15 8
Impact Position [A] CCII_J ‘ ‘ ‘ ‘ ’
' >

Interplanar distance Impact Position



Straight crystal

- Particle whose
direction of motion is
aligned with crystal
planes are captured
under channeling.
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Straight crystal
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Channeling & Dechanneling

Channeling: particle transverse energy
remains lower than the potential well depth

Dechanneling: particle transverse energy
grows up and exceed potential well depth

[ 0 = Incoming angle X =Impact point ]

\ ; - Uyax~20 eV
Straight ” \/ for Si (110) at
crystal Ep = _5_02 4 U(CE) 0 02 04 06 08 273 K
/

Centrifugal term

Bent pv o, in the reference
crystal Er = 79 + Ueff(m)\‘ U _U pU frame comoving
() = U(z) + with the crystal

planes Y,




Positive vs. negative particles

Phase space B rosth s Planar potential Si (110)

N Negative Particles

o Positive particles

6, [urad]

10 egative particles

x [A]

Positive particles oscillate between
atomic planes; negative particles
repeatedly cross them.
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Channeled negative particles are
dechanneled faster than positive
ones due to higher probability to
suffer nucler incoherent
scattering;

Ultra thin bent crystals are
required for efficient deflection
of negative particles

N.B. L, decrease with energy, being
some tens of microns for 1 GeV
electrons in Si [1].
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Dechanneling of positive particles

(a) Two mechanisms of dechanneling for positive
particles:

> Electronic dechanneling

> Nuclear dechanneling

v

Exponential approximation for the
'Coord dechanneling processes:

For 400 GeV/c proton channeled in the Si (110) at 273 K [1,2]

Ln*=1.5 mm Nu=19.5%
Le*=220 mm Ns=80.5%

1 . [1] W. Scandale, et al., Physics Letters B 680, 129 (2009).
Coordil [2] V. Biryukov, Y. Chesnekov, and V. Kotov, Crystal Channeling and Its Applications
at High-Energy Accelerators (Springer, 1996).




Dechanneling of negative particles

§_ 20 - One mechanism of dechanneling for negative

= particles:

- » Nuclear dechanneling
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Bent crystal

- Channeled particles
follows the crystal

curvature and are
deflected (1.).

- Particle whose
trajectories is tangent
to crystalline planes
are “reflected” by the
potential barrier (3.)
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Bent crystal
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Transverse Energy

Orientational phenomena in bent crystals
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Collimation with bent crystals

- Crystal can be used as

a)
a primary collimator to |
deflect particles of the
halo toward a SC
b)
!ec ~—

secondary collimator.

- Main advantage is the
possibility to deflect the
beam out and reduce
the beam losses.

a) standard collimation system
b) crystal collimation system

W. Scandale et al. PLB 692, 72 (2010)



Beam loss
reduction
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Measurement of
the ratio of the
beam loss in the
CERN SPS ring
with 120 GeV/c
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W. Scandale et al. PLB 703, 547 (2011)



LHC crystal-based collimation

2 bent Si crystals were mounted on the LHC on February 2014 to be tested as
primary collimators under planar channeling condition



GEANT4

General introduction




The Monte Carlo method

- It is a mathematical
approach using a

sequence of random

EXPERIMENT
numbers to solve a N
problem

- Particles are tracked

One-by—one, Step'by'Step THEORY @ssumptions
and, after a reasonable
number, the correct

MONTE CARLO
information can be
extracted

Basic understanding



e
The Monte Carlo method

- MC is the most
efficient way of ‘
estimate quantity in 3D Model problems Real lfe
when compared to
first-order deterministic
method

Monte Carlo vs deterministic/analytic methods

Analytic/
deterministic

Monte Carlo

Time to solution

—
-

Complexity of problem (geometry)




e
Monte Carlo codes

On the market Geant4
- MCNP - GEometry ANd Tracking
* neutrons mainly
Penelope - References
e- and gamma - Geant4 - a simulation toolkit
PETRA Nucl. Inst. and Methods
protons Phys. Res. A, 506 250-303
EGSnrc - Geant4 developments and
e- and gammas applications
PHIT Transaction on Nuclear
protons/ions Science 53, 270-278
FLUKA _ - http://geant4.cern.ch
any particle




-
Geant4

General Info Advantages
- Developed by an - Because C++ & Open
International Source:
_ - No black box
Collaboration: - Easily extendable and
. Established 1998 customizable

- ~100 members globally + Can handle complex

geometries
- C++ language - Regular development,
. updates, bug fixes and
Open source validation

- Two releases per year - Many physics processes
and particles already
implemented.




User case: LHC @ CERN

- All four big LHC
experiments have a
Geant4 simulation

- M of volumes

- Physics at the TeV scale

. Benchmark with test-
beam data

- Key role for the Higgs
searches

ey {ppimina



User case: Satellites

- Typical telescope:
- Tracker
- Calorimeter
- Anticoincidence




User case: Treatment planning

Therapy beam line Geant4 Simulation

Treatment planning for
hadrontherapy and
proton-therapy systems

Goal: deliver dose to the
tumor while sparing the
healthy tissues

Alternative to less-precise
(and commercial) TP
software
Medical imaging
Radi_ation fields from
mec_jlcal accelerators and
devices




User case: Treatment planning

Therapy beam line Geant4 Simulation




-
User case: Dark matter

CDMS experiment Detectors

- Measurement of the recoil
energy imparted to a nucleus
due to collisions with WIMPs

- Employment of detectors highly
sensitive to the ionization and
phonon signals that results
from a WIMP-nucleus collision.

- Geant4 simulation of the
detector response with phonon
and electrons propagation in
Ge crystal.




GEANT4

Channeling & Volume Reflection in Bent Crystals




Simulations Of Channeling

Simulations of the orientational phenomena in crystals
can be worked out via different methods:

By solving the equation of motion, many approaches can be used,
depending on the particle kinetic energy.

< eV : quantum mechanics

> eV & < KeV : molecular dynamics
> KeV : binary collisions

> MeV : continuous potential

“‘Emulation” method, by using cross-section of the processes
available through experimental data and analytical equation

Implemented into Geant4 coherent interactions between
charged particles and crystals at high-energy (> MeV)



Continuum potential approximation

Particle impinge on a
crystal close to atomic
planes or axes.

Particle “sees” aligned
atoms as a unique axis.

Aligned axes form
planes.

Particle interaction with
atoms can be
approximated through
Interaction with atomic
planes or axes [1].

J. Lindhard, Danske Vid. Selsk. Mat. Fys. Medd. 34, 14 (1965)




Continuum potential calculation

ECHARM

- Calculation method based on
the expansion of the electrical
characteristics of crystals in
Fourier series.

-F(Z), —ip-
0(1) = 80 DI ZS(2,, 8) T T e

- Electrical characteristics are
averaged over planes and
axes.

- Different approximation for
atomic form factor.

- Approximation for any planes
or axes for cubic structure.

Si (111) Planar Potential

(111) Experimental form factoj

———(111) Moliére form factor

Potential (eV)
> =2 =#® B 8

o
1 L

llllllllllllll

0.0 0.5 1.0 1.5 2.0 25 3.0
Transverse coordinate (A)

E. Bagli, V. Guidi, V. Maisheev, Phys. Rev. E 81, 026708

(2010)




“Emulation”

Analytical approximations [1,2] and experimental data
[3,4] to calculate the cross section of the phenomena.

Less computational time than integration of the equation
of motion.

Theoretical knowledge of orientational planar phenomena
has been largely verified through results to be treated via
a macroscopic approach.

It can be used to simulate known crystal effects, but can
not be used to predict strange or new phenomena

[1] V.M. Biryukov, Y.A. Chesnokov and V.I. Kotov, Crystal channeling and its
application at high-energy accelerators, Springer-Verlag, Berlin Germany (1997).
[2] V.A. Maisheev, Phys. Rev. ST Accel. Beams 10 (2007) 084701 [physics/
0607009].

[3] Y.M. lvanov et al., Phys. Rev. Lett. 97 (2006) 144801.

[4] W. Scandale et al., Phys. Rev. Lett. 101 (2008) 234801.



Multistrip for multi volume reflection




Emulation results

Experiment
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Numerical integration

Integration of the equation of particle motion through Velocity-
Verlet numerical method [1].

Electric field experienced by particles in the interaction with the
oriented crystal is evaluated through continuum potential
approximation [2].

Transverse energy variation due to interaction with electrons
and nuclei is taken into consideration through Kitagawa and
Ohtsuki approximation [3] applied to multiple scattering
approximation [4].

Possibility to add crystal defects, undulating structures and
radiation computation, etc... to the simulation.

[1] L. Verlet, Phys. Rev. 159, 98 (1967); Phys. Rev. 165, 201 (1967)

[2] J. Lindhard, Danske Vid. Selsk. Mat. Fys. Medd. 34, 14 (1965)

[3] M. Kitagawa and Y. H. Ohtsuki, Phys. Rev. B 8, 3117-3123 (1973)

[4] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)



Geant4 Approach

In order to exploit the Geant4 features a new
approach is needed:

Integration of the equation of motion is computational
too expensive because step has to be smaller than
oscillation period (~60 um for 400 GeV/c protons
channeling in (110) Si).

“Emulation” approach requires the knowledge of
analytic equation and do not allow the estimation of the
variation of nuclei density seen by a channeled particle



Geant4 Approach - Steps

The particle initial transverse energy is computed
at the entrance of the crystal. This is the only
information stored.

At each step, which can be limited by the other
Geant4 processes, the variation of transverse
energy is computed.

If the particle is still under channeling, the
momentum of the particle is aligned with the crystal
planes, otherwise the particle leaves the
channeling state and the momentum direction
varies.

Under channeling, a modified value of nuclei and
electron density is passed to the Geant4 processes
via the biasing technique.



Geant4
processes
modification

By modifying the
trajectory of the particle
and the density of the
material “seen” by the
particle the orientational
effects in a crystal affect
all the Geant4 physical
process.

The trajectories of
channeled particles are
“forced” to be tangent to
crystal curvature.

The density of materials
seen by the channeled
particles depends on
transverse energy of the
particles.

Check If Volume
Is a Crystal

Check If Particle
Is Under
Channeling/VR

Channeling
Process

Particle
Trajectory
Manipulation

Material Density
Modification




Crystal

The crystal object is built
adding to the standard
Physical Volume the
Crystal Structure in
which the Unit Cell and
the Lattice are defined.

Crystal

Physical
Volume

Logical
Volume

Solid

Crystal
Structure

Unit cell

Lattice




Crystal

The crystal object is built
adding to the standard
Physical Volume the
Crystal Structure in
which the Unit Cell and
the Lattice are defined.

Physical
Volume

Logical
Volume

Standard Geant4 kernel

Crystal
Structure
|

Unit cell Lattice

Not implemented in
standard Geant4 kernel




-
Geant4 — Channeling only

- The Initial transverse
energy is evaluated at
the crystal entrance.

- If the particle is under
channeling and no other
Geant4 processes are
activated, the particle
remains under
channeling until the end.

Penetration Depth
>

>
Impact Position



Geant4 — Channeling + Other Processes

- If other Geant4
processes are
activated, they modify
the transverse energy
and can let the particle
dechannel, e.g. single
scattering on nuclel.

>

Penetration Depth

>
Impact Position




Condition for channeling

Straight crystal Bent crystal
ET < UmaX E T < Umax

=]

Potential [eV]

i

e e,

Potential [eV]

%.0 0f5 10 1‘5 %.0 05 10 15
Impact Position [A] Impact Position [A]

- 1PB gl ¢y =ﬁ 2
ET—‘Z HHU()C)\ E. ‘2 HHU()C)\




e
Dechanneling & Volume Reflection

Dechanneling Volume Reflection

ET > Umax

Impact Position [A]

o 2]
2




-
Modified density

- Before the simulation
starts, the table of the
average density ratio
vs. the transverse
energy is computed or
loaded.

- The path is integrated
over one oscillation
period.

>

Penetration Depth

>
Impact Position



e
Modified density

Straight crystal Density Ratio
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e
Modified density

- Nucleil and electron I
density tables are stored
for positive and negative
particles.

- This approach can be
used for crystal with
dimension parallel to the i
beam much longer than
the channeling “
oscillation period.




-
Geant4 processes

Discrete processes Continuous processes

- The mean free path of the - Material density (p) for the

discrete processes is calculation of continuous
recomputed at each step energy loss (dE/dx) is
using the modified density modified at each step
because it is directly (dx=pdz) to enable the
proportional to the density reduction or the

(p) of the material. enhancement of the

energy loss due to
channeling.




e
Modified density

Geant4 Mean Free Path

Modification Density Ratio

(@20 eV) Density Ratio = 1.5 §4:§_ — ] i )
2 F Nuclei )
g 42_ ucle l '
.l o
_p o
CeE o
£ .
(@15 eV) Density Ratio = 0.8 3
1=
°'5§_ _____ r~—l~—~:7
0:—1—'1--1—"._’1’_'.'_7_._'. | e T |
0 ° 10 = Trar?g/erse Energy [2\5/]

=

Depending on the transverse energy
of the particle, the density “seen” is
different




-
Modified density

- For negative particles
the ratio is always higher
than unity. Thus, the
particles interact more
frequently with nuclei
and electrons in a crystal
under coherent effects
than in an amorphous
media with the same
average atomic density.
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GEANT4

EXExCh extended example




Channeling Example in Geant4

Channeling
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Experimental Setup

- The example simulates the

channeling of 400 GeV/c protons
in bent Si crystal.

- The example provides the

physical model for planar
channeling and volume reflection
in bent crystals.

- Physical model published in:

- E. Bagli, M. Asai, D. Brandt, A. Dotti,
V. Guidi, D. H. erght “A model for
the interaction of high-energy
particles in straight and bent crystals
Implemented in Geant4”, European
Physics Journal C 74, 2996 (2014)



Deflection Angle Distribution
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Deflection Angle Distribution
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Temperature Dependence (G4)
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COMPARISON WITH

PUBLISHED EXPERIMENTAL
DATA




Model validation

- Simulation of experiments in which the crystal role is
predominant

- Experiment with single-pass beam instead of multi-turn
beam to reduce the complexity of the simulation.

- Three measurements selected:
- Nuclear dechanneling and channeling efficiency for protons
- Inelastic interaction rates under channeling for protons
- Dechanneling length for 1



Nuclear dechanneling and channeling
efficiency for protons

Physics Letters B 680 (2009) 129-132

Contents lists available at ScienceDirect

PHYSICS LETTERS 8

Physics Letters B

www.elsevier.com/locate/physletb

Observation of nuclear dechanneling for high-energy protons in crystals

W. Scandale?, A. Vomiero®, S. Baricordi®, P. Dalpiaz®, M. Fiorini€, V. Guidi€, A. Mazzolari, R. Milan{,
Gianantonio Della Mea®, G. Ambrosi#, B. Bertucci "8, W. Burger %, P. Zuccon®, G. Cavoto", )
R. Santacesaria®, P. Valente", E. Vallazza!, A.G. AfoninJ, Yu.A. Chesnokovl, V.A. Maisheev!, L.A. Yazynin/,
A.D. Kovalenko¥, A.M. Taratin“*, A.S. Denisov', Yu.A. Gavrikov', Yu.M. Ivanov', L.P. Lapina’,

L.G. Malyarenko!, V.V. Skorobogatov!, V.M. Suvorov!, S.A. Vavilov!, D. Bolognini ™", S. Hasan ™",

M. Prest™n

* CERN, European Organization for Nuclear Research, CH-1211 Geneva 23, Switzerland

" INFM-CNR, Via Vallotti 9, 25133 Brescia, ltaly

€ INEN Sezione di Ferrara, Diparti di Fisica, Uni a di Ferrara Via Saragat 1, 44100 Ferrarg, ltaly

4 INFN Laboratori Nazionali di Legnaro, Viale Universita 2, 35020 Legnaro (PD), ltaly

 Diparti di ia dei iali ¢ Tecnologie Industriali, Universitd di Trento, Via Mesiano 77, 38050 Trento, ltaly
! Dipartimento di Fisica, Universita degli Studi di Perugia, via Pascoli, 06123 Perugia, ltaly

E INFN Sezione di Perugia, via Pascoli, 06123 Perugia, Italy

" INEN Sezione di Roma, Piazzale Aldo Moro 2, 00185 Rome, ltaly

! INFN Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy

I Institute of High Energy Physics, Moscow Region, RU-142284 Protvino, Russia

¥ Joint Institute for Nuclear Research, Joliot-Curie 6, 141980, Dubna, Moscow Region, Russia
! Petersburg Nuclear Physics Institute, 188300 Gatchina, Leningrad Region, Russia

™ Universita dell'Tnsubria, via Valleggio 11, 22100 Como, ltaly

™ INFN Sezione di Milano Bicocca, Piazza della Scienza 3, 20126 Milano, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 10 June 2009

Received in revised form 22 June 2009
Accepted 25 August 2009

Available online 27 August 2009
Editor: M. Doser

Channeling in a short bent silicon crystal was investigated at the CERN SPS using 400-GeV/c protons
with an angular spread much narrower than the critical channeling angle. Particle dechanneling due to
multiple scattering on the atomic nuclei of the crystal was observed and its dechanneling length was
measured to be about 1.5 mm. For a crystal with length comparable to such dechanneling length, an
efficiency of 83.4% was recorded, which is close to the maximum value expected for a parallel beam and
exceeds the previously known limitation of deflection efficiency for long crystals.

PACS: © 2009 Elsevier B.V. All rights reserved.

The experiment goal was
to measure the nuclear
dechanneling length for
positive particles.

During the measurement,
a record deflection
efficiency was observed.

Because the
measurement regards the
dechanneled particle
fraction, the elastic
scattering is fundamental.




Experimental setup

T 400 GeV/c protons

Si (110)
R=38.4m
L=1.94 mm

Goniometer
2 prad resolution

Strip detector x-z



Nuclear dechanneling length
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Channeling efficiency vs. incoming angle
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ARTICLE INFO ABSTRACT
Article history: Probability of inelastic nuclear interactions in a short bent silicon crystal for its orientations optimal for
Received 30 June 2010 channeling and volume reflection was investigated using 400 GeV/c protons of the CERN SPS. The contri-

Available online 11 July 2010 bution of nuclear interactions from channeled protons was observed to be about 3-4% of the probability

for the amorphous orientation. For the crystal orientation optimal for volume reflection the nuclear inter-

Keywords: action probability of protons was a few percents larger than in the amorphous case. It was shown that in
E:,ysm . the limiting case of a quasi parallel beam realizing for the collider beam halo the inelastic nuclear losses
anneling

should decrease by more than five times, which is an additional advantage of a crystal as a primary col-

Volume reflection . . "
o ! limator for the LHC collimation system.

Nuclear interactions
@ 2010 Elsevier B.V. All rights reserved.

The experiment goal was
to measure the nuclear
interaction rate of positive
particles with a crystal
oriented at different
angles with respect to
channeling position.

Thus, the modification of
the average density
experienced by a particle
becomes fundamental for
the simulation of this
experiment.




Experimental setup
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Interaction rates vs. integration angle
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Nuclear interactions rate variation
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Dechanneling length for 1T
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The experiment goal was
to measure the
dechanneling length for
negative particles.

Measurement of the dechanneling length for high-energy negative pions
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ARTICLE INFO ABSTRACT
Article history: We studied the dechanneling length of 150 GeV/c m~ interacting with a short bent silicon crystal.
Received 14 November 2012 Dechanneling length measures the rate and the strength of incoherent interactions of channeled particles

Received in revised form 17 December 2012
Accepted 26 December 2012
Available online 28 December 2012

in a crystal. The mechanism of dechanneling of negatively charged particles has been elucidated
through simulation and experiment. It was found that the dechanneling length for negative particles
is comparable to the nuclear dechanneling length for positive charges. Indeed, dechanneling of negative

Editor: L. Rolandi ! y B R " ; N ,

particles occurs as a result of incoherent interactions with the nuclei because the trajectories of such
Keywords: particles always intersect atomic planes, explaining the lower channeling efficiency for such particles.
Crystal Obtained results can be useful for the design of crystals for manipulating high-energy negative particle
Channeling beams through channeling.

Beam manipulation © 2013 Elsevier B.V. All rights reserved.




Experimental setup
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Dechanneling of negative particles
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FUTURE PERSPECTIVES
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Coherent radiation in crystal
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Channeling radiation

- Channeled particle
oscnl_ate between or on
atomic planes.

- The oscillatory motion
lead the particle to emit
radiation with a defined
frequency.

- The incoherent

= interaction modify the
A trajectory and lead the
S | particle to generate
© photon with different
= energies.
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Coherent Bremsstrahlung

- The same happens for
particles which traverse
the crystal with a small
angle to the planes, but
not under channeling
(over-barrier particles)

- Such particles are
repeatedly attracted/
repelled by the planes,
generating coherent
radiation.
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Orientational effect in “deformed” crystals
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Geant4 implementation

Current Features

- Only transverse energy
variation tracked.

- No information on exact
position and momentum.

- Longer step (Faster) than
full numerical solution of
equation of motion.
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Geant4 implementation

Current Future (?)
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-
Geant4 implementation

Possible features Future (?)

. I\/]laintain current implementation
of:

- Modification of Geant4 process
cross-section.

- Crystal classes.
- Channeling process & condition.

- Between each step solve exact
trajectory.
- Possibility to estimate:
- Coherent radiation production.
- Influence of defects.
- Undulating structures.
- Mirror effect.

- Very slow.




SUMMARY




Geant4 Approach - Advantages

Positive and negative particles can be treated with same
algorithm. Since the potential well is different and the integrated
density varies. The approach allows the estimation of different
channeling probability for positive and negative particles.

Modification of the cross section of the other phenomena is
accounted thanks to the biasing techniques. Such technique is
applicable to all the Geant4 physics list via a specific package
(M. Verderi work).

No limitation on crystal type. Only crystal information needed
for the computation of potential and average density.

Every particle generated in a Geant4 simulation may
experience orientational processes. Thus, variation of shower is
length for particle interacting with crystal can be simulated.

No limitation in energy. Observed variation of Bragg peak for
channeled particles in Si crystal with Geant4 simulation.



Geant4 Approach - Disadvantages

Because of lack of information on the trajectory, some
phenomena can not be simulated with current version,

e.g., mirror effect and radiation production.

Because of lack of information on the trajectory, outgoing
angle is computed via analytical equation depending on
particle transverse energy

The mixed approach is compatible only with Geant4
Single Scattering models and not with Geant4 Multiple
Scattering models. Thus, under channeling, the simulation
Is slower than standard Geant4 simulation.



Geant4 Approach — Future extension

- Simulation of full particle trajectory.

- The current classes can be updated in order to maintain

- Implementation of crystal structures, which is independent from the
channeling process

- Modification of Geant4 processes cross-section via the biasing
technique.

- Main consequences:

- Terrible slowing down of the computation.

- Possible to take into account all the orientational phenomena at
high-energies.

- Computation of the coherent radiation spectrum emitted by
particles under coherent effects.

- Modification of particle trajectory due to the presence of lattice
variation, e.g., undulating structure, defects, etc...
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