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Accelerator facility
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Accelerator Facility in Tübingen 

!  3MV single-ended Van de Graaff accelerator: 
•  Beam energy range: 400keV–2.5MeV  
•  Beam current: 200 nA–40 µA 
•  6 beam lines (selectable via switching magnet) 
•  Several Ion Types besides protons (e.g. helium) 
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Experimental Setup 

3MV single-ended Van de Graaff accelerator at the University of Tübingen, Germany 

• Beam energy range: 100 keV – 2.5 MeV  

• Beam current: 200 nA – 40 µA  

• 6 beam lines (selectable via switching magnet)  

• Several ion types (p, H+
2, d, D+

2,4He+,12C+,13C+, 16O+)  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Experimental Setup

CAD Model Cross-Section
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LOFT Detector Prototype 
in the Chamber

eROSITA Mirror Segment

Schematics of the Reflection Setup

Overview

• Soft (E: 10 keV to 10 MeV) proton effects on X-ray detectors 

• Reflection of soft protons on X-ray mirrors 

• Experimental setup at the accelerator facility 

• Measurement results 

• Modelling of the reflection in Geant4
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Motivation: The Chandra Soft Proton Incident

Sudden degradation of the
front-illuminated CCDs of the
Chandra ACIS instrument
(e.g. Lo et al., 2003)

Background studies with EPIC
pn-CCDs of XMM-Newton
(Kendziorra et al., 2000)
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Two categories of proton irradiation effects in astronomical observations:  

• Degradation of the detector performance  

• Contributions to background of observations 

• Severity of effects depends on radiation 
   environment and detector properties

Soft protons are actually more 
harmful to X-ray observatories 
than higher energy protons.
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Soft Proton Effects on X-Ray Detectors
Introduction

Proton – Matter Interaction

Electron scattering ) ionization (TID)
Nuclear scattering ) lattice defects and vacancies (NIEL)
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Two types of interactions of charged particles with the detector material: 

• Electron scattering => ionization (TID) 

• Nuclear scattering => lattice defects and vacancies (NIEL)  
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Two types of interactions of charged particles with the detector material: 

• Electron scattering => ionization (TID) 

• Nuclear scattering => lattice defects and vacancies (NIEL)  

Degradation of the photon detection performance  

• Charges trapped in insulator => reduced depletion region 

• Creation of intermediate energy levels => increased leakage current 

• Creation of charge traps => degrading the CTE 

Increase of detector background 

• Energy deposition via direct interaction in the detector 

• Triggering of fluorescence line emission in the vicinity of the detector 
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Soft Proton Irradiation Setup

Principle of the Irradiation Setup
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Soft proton focusing experiments with X-ray mirrors
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Soft proton focusing experiments with X-ray mirrors
Soft Proton Irradiation Setup

Implementation at the Accelerator Facility

(Diebold et al., 2013b)
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Soft Proton Irradiation Setup

Irradiation of LOFT Sensor Protoypes

ESA Cosmic Vision M-class
mission candidate featuring
two instruments

Large Area Detector (LAD)
Wide Field Monitor (WFM)

Silicon Drift Detectors (SDD)
Low Earth orbit (600 km
altitude, <5°inclination)
Two irradiation campaigns
were performed in 2012

(Diebold et al., 2013b)
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Detector irradiation
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LOFT Detector Prototype

• Setup originally designed for LOFT detectors 

• Allows homogeneous flux distribution over large 
detectors (11 cm diameter) 

• Fluences of 0.5x, 1x, 5x and 10x mission lifetime 
were applied at different energies 

• leakage current was measured at different 
temperatures and annealing was monitored in the 
following months

Soft proton focusing experiments with X-ray mirrors

Soft Proton Irradiation Setup

Flux Distribution
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Figure 3: Ratio between the measured and expected  increment of leakage current as a function of time after the end of the 
irradiation.  

 

 

 
Figure 4: Variation of the leakage current as a function of temperature before (green curve) and after (red curve) the irradiation. 
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Setup for reflection of soft protons on mirrors
Experimental Setup

Incident Flux Determination via Monitor Detectors
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Experimental Setup

Implementation at the Accelerator Facility
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Scattering targets and detectors
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Scattering Target and Detectors 

!  eROSITA mirror shell: 

•  Nickel substrate (thickness of 
tested sample: 270 µm) with 50 
nm gold coat 

•  12 cm length, 6cm width 

7 

Experimental Setup 

Credit: Canberra Industries, Inc., modified 

!  Silicon surface barrier detectors: 

•  Used as monitor detectors and to 
detect scattered protons 

•  Energy resolution between 10–20 
keV 

•  Typical count rates up to 2×105 s-1 

can be achieved 
•  Low energy threshold 80–100 keV  

Several scattering targets are used in the measurements: 

• flat aluminum (250 nm) mirror on glass substrate 

• eROSITA mirror shell (Nickel with Gold coating) 

• ATHENA silicon pore optics prototypes

A revision of soft proton scattering at grazing incidence and its implementation in the GEANT4 toolkit 7

Example application and results

We wrote a GEANT4 application to simulate our scattering setup at the Tübingen test facility to cross-check the
implementation. The geometry and the definition of our angles is sketched in Fig. 4. This convention follows the
one published in [Diebold et al. 2015]. We even included a collimator in the simulation to reproduce precisely
the experimental setup. However, in this sample application we were not constrained to measure the scattering
only at ±0.03� around the beam axis, hence we could probe the whole solid angle range. Besides this fact, most
of the experimental characteristics were properly reproduced in our sample application. The incident beam’s
characteristics (energy, particles’ angular distribution, beam diameter, etc.) are taken from the experimental
setup [Diebold et al. 2015]. For more details on the actual experimental setup the reader is kindly referred to
the cited article.

x

z

y
θ

a 

Ψ0

x
y

φ

b 

x

z
χ

Fig. 4: The geometrical system of reference used in our simulation study. The collimator is labeled “a” and the
gold-coated nickel target is labeled “b”. The angles j and q coincide with the standard definitions for spherical
coordinates. The angle c is shown in the red plane (parallel to the xz-plane). Also shown is the incidence angle
Y0, which is controlled by rotating the target along the x-axis.

As a target we used a nickel substrate 6 cm ⇥ 12 cm. With a thickness of 250 µm, coated by a 50 nm gold
layer. We deactivated all other processes, leaving G4GrazingAngleScattering as the only active process. This
way we could isolate any unexpected behaviour of the simulations (i.e. the standard multiple scattering included
in GEANT4 ). We show in Fig. 5 an example of the results of using the G4GrazingAngleScattering physical
process in this application example. For this example, the tilting angle was Y0 = 1.03� and the scattering model
was the one based on the Tübingen measurements. The biggest difference between measured and theoretical
values appear at the lowest scattering angles (see Fig. 3). However, our process does a compromise when doing
the MC simulation. It automatically selects the proper scattering values to either follow the interpolation of the
data or, in case the scattering angle is out of the range of the experimental data, to follow one of the models.
The results can be seen in the left part of Fig. 5, where the scattering efficiency is simulated in a range where
there were no measurements available for this energy-angle combination.

Silicon Surface Barrier Detectors to scan the “focal plane”
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Reflection of soft protons on mirrors
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Measurements 
!  Calculating the scattering efficiency: 

 
 
 
 

8 

Experimental Setup 

η(Ψ ,Θ ) = Ndet (Ψ ,Θ )
N inc

⋅
1

Ω(Θ )

Proton energies (keV) Incidence angle Ψ (deg) Scattering angle Θ (deg)
 

250, 500, 1000 0.3 – 1.2 0.5 – 4.1 

!  Parameters selected for efficiency 
and energy loss measurements: 

ΔE(Ψ ,Θ ) = µGauss,inc −µGauss,det (Ψ ,Θ )

!  Most probable energy loss: 
 
 
 

•  Incidence angle Ψ   
•  Scattering angle Θ
•  Number of detected protons Ndet 
•  Number of incident protons Ninc 
•  Solid angle of detector Ω
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Energy loss analysis 

11 

Experimental Setup 

a) Energy loss for 500 keV b) Energy loss for 1000 keV 

Most probable energy loss depends on the incidence energy, 
increases to larger scattering angles and is nearly independent of the 

incidence angle. 

Soft proton focusing experiments with X-ray mirrors
Energy loss during scattering (gold coated nickel)

Energy loss depends slightly on the incidence energy, increases to larger 
scattering angles and is only minimally dependent on the incidence angle.
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Soft proton focusing experiments with X-ray mirrors
Angular distribution after scattering (gold coated nickel)

4 Alejandro Guzmán et al.

Given the appropriate boundary conditions, (normalization, assuming a mono-energetic incident beam,
etc.) Remizovich et al. arrive at the differential back-scattering coefficient W (Q ,X ,u)[sr�1], given by:

W (Q ,X ,u) =

p
3

2p2
E0

e(u)
Q
R0

e�
Q2�Q+1

ss(u) e�
X2

4ss(u)

p
s3s5(u)

Erf

 s
3Q

ss(u)

!
(1)

In this last expression we see that, for the azimuthal angle X = c
Y0

, the behavior is a gaussian centered
around X = 0. Whereas the dependence on Q = q�Y0

Y0
, though dominated by the gaussian, is a bit more com-

plicated. The error function term regulates the size and the position of the maximum. The latter is in turn
controlled by the product ss(u). Therefore, many parameters that are dependent on the material. This makes
it rather difficult to test its validity experimentally. Also it must be noted that Remizovich et al. do not impose
any periodicity in the angular variables, but they do allow them cover the whole range (�•,•).

If we integrate Eq. 1 in both energy and azimuthal angle and then take the limit as s ! •, we reproduce
Firsov’s results for the polar angle [Firsov 1967]. This distribution which corresponds to a purely elastic col-
lision with no deceleration of the particles. This is the first analytical model which we implemented in our
GEANT4 class: the normalized version of Firsov’s distribution, which in our original variables yields:

F (q)⌘Wel(q) =
3

2pY0

 
(Y0(q �Y0))

3
2

Y 3
0 +(q �Y0)3

!
(2)

We proceed in a similar fashion with Remizovich’s elastic distribution for both angular variables. If we
write it down using this article’s varibale convention we arrive at the second analytical result we implemented
in GEANT4:

R(q ,c)⌘ 1
12p2Y0

p
Y0(q �Y0)


w4

1+w2 +w3atan(w)

�
(3)

where w is defined to be:

w ⌘
s

3(q �Y0)Y0

(q �Y0)2 � (q �Y0)Y0 +Y 2
0 + c2

4

We show the two-dimensional plot of R(q ,c) evaluated at y0 = 0.33� in Fig. 2.
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Fig. 2: The two dimensional distribution R(q ,c) for the case Y0 = 0.33�.

Measurement of the scattering efficiency: 

• scan the target area with an array of movable SSB detectors 

• record the scattering efficiency for different incidence angles and energies 

• fit with theoretical models to estimate the overall scattering efficiency Soft Proton Scattering E�ciency Measurements on X-Ray Mirror Shells 15

Fig. 11 Scattering e�ciency results for Einc = 250 keV. The values are normalized to
the solid angle of the detector. The given errors account for counting statistics as well as
uncertainties of the solid angle and the incidence and scattering angles. The individual
data points for each incidence angle are connected by straight lines. The dashed lines are
calculated by means of the Firsov formula (cf. Section 4.3).

Fig. 12 Same as Fig. 11, but for Einc = 500 keV.

The experimentally determined scattering e�ciencies for the three incident
energies Einc are presented in Figs. 11–13. The data have been acquired with
two di�erent settings of the target mirror, one optimized for Œ < 0.7°, the other
for Œ > 0.7°. As the mirror bulk is shielding the detector for Œ > «, these
data points are compatible with zero and, therefore, have not been plotted.
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Modelling the reflection of soft protons

• Protons interact with electron plasma above mirror surface 

• Scattering efficiency increases towards low incidence angles 

• Maximum at exit angle = incoming angle 

• no or negligible energy loss 

• does not consider azimuthal distribution, only scattering plane 

• nothing is being said about the absolute  
scattering efficiency

Firsov Scattering (1967)

Soft Proton Scattering E�ciency Measurements on X-Ray Mirror Shells 15

Fig. 11 Scattering e�ciency results for Einc = 250 keV. The values are normalized to
the solid angle of the detector. The given errors account for counting statistics as well as
uncertainties of the solid angle and the incidence and scattering angles. The individual
data points for each incidence angle are connected by straight lines. The dashed lines are
calculated by means of the Firsov formula (cf. Section 4.3).
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energies Einc are presented in Figs. 11–13. The data have been acquired with
two di�erent settings of the target mirror, one optimized for Œ < 0.7°, the other
for Œ > 0.7°. As the mirror bulk is shielding the detector for Œ > «, these
data points are compatible with zero and, therefore, have not been plotted.
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Modelling the reflection of soft protons

• Describes protons by means of the de Broglie wave formalism 

• Reflection occurs equivalent to X-ray photons (“Proton Telescope”) 

• Reflection efficiency depends on incidence angle and energy 

• angular distribution follows PSF for X-rays 

• no energy loss 

Aschenbach Description (2007)

Funneling Mechanisms
Introduction and Motivation

Aschenbach Description

Describing protons by means
of de Broglie wave formalism
Reflection occures analog to
X-ray photons
(“Proton Telescope”)
Critical incident angle is
energy dependent
Zero energy loss
Angular distribution peaks at
⇥scatter = 2 ·⇥inc

������
�����

�������

������

(Aschenbach, 2007)

8/19 | Soft Proton Reflection Experiment Sebastian Diebold (Kepler Center Tübingen) 04.03.2013
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Modelling the reflection of soft protons

• Solves transport equation for a particle flux propagating to a certain depth inside a 
dense target material 

• Depending on the depth of interaction, the scattered particles emerge in a certain 
direction having lost a part of their energy 

• Several parameters depend on the target material properties 

• Firsov Scattering follows from this when integrating over azimuthal distribution  
and setting σ = infinity (no deceleration of particles, independence of target material) 

• Differential backscattering coefficient: 
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Given the appropriate boundary conditions, (normalization, assuming a mono-energetic incident beam,
etc.) Remizovich et al. arrive at the differential back-scattering coefficient W (Q ,X ,u)[sr�1], given by:
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In this last expression we see that, for the azimuthal angle X = c
Y0

, the behavior is a gaussian centered
around X = 0. Whereas the dependence on Q = q�Y0
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, though dominated by the gaussian, is a bit more com-

plicated. The error function term regulates the size and the position of the maximum. The latter is in turn
controlled by the product ss(u). Therefore, many parameters that are dependent on the material. This makes
it rather difficult to test its validity experimentally. Also it must be noted that Remizovich et al. do not impose
any periodicity in the angular variables, but they do allow them cover the whole range (�•,•).

If we integrate Eq. 1 in both energy and azimuthal angle and then take the limit as s ! •, we reproduce
Firsov’s results for the polar angle [Firsov 1967]. This distribution which corresponds to a purely elastic col-
lision with no deceleration of the particles. This is the first analytical model which we implemented in our
GEANT4 class: the normalized version of Firsov’s distribution, which in our original variables yields:
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We proceed in a similar fashion with Remizovich’s elastic distribution for both angular variables. If we
write it down using this article’s varibale convention we arrive at the second analytical result we implemented
in GEANT4:
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We show the two-dimensional plot of R(q ,c) evaluated at y0 = 0.33� in Fig. 2.
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Fig. 2: The two dimensional distribution R(q ,c) for the case Y0 = 0.33�.
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Soft proton focusing experiments with X-ray mirrors
Geant4 implementation (gold coated nickel)

Our experimental data reproduces the Remizovich Reflection over a large range of 
angles and energies. However, we observe an excess in reflection efficiency towards the 
maximum, situated at the incidence angle.  

• For the upcoming Geant4 class G4GrazingAngleScattering, we implemented the 
Firsov and Remizovich description as well as a “Rosenau”-model that simulates a 
distribution reproducing our experimental data. 

• This allows to simulate the measured behaviour of e.g. an actual eROSITA mirror 
behaviour rather than a theoretical model  

• Geant4 is a Monte Carlo Toolkit that allows (among many other things) to track 
particles of an in-orbit radiation environment through a satellite geometry and see 
which primaries and secondaries end up depositing energy in the detector. 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Physics Process – G4GrazingAngleScattering class 

•  Remizovich model simulated with 
G4GrazingAngleScattering (green)
( E = 977keV, Ψ = 1.03°) 

•  Remizovich Function (red)  
    

•  Rosenau model simulated with 
G4GrazingAngleScattering (green)   

     (E = 977keV, Ψ = 1.03°) 
•  Remizovich Function (red)  
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Soft proton focusing experiments with X-ray mirrors

• We operate a setup at the accelerator in Tübingen to measure the effects of soft 
proton interactions on X-ray detectors. 

• In addition, the setup can be used to investigate in detail the reflection of soft 
protons on X-ray mirrors 

• We observe an excess in reflection efficiency towards the maximum, situated 
close to the incidence angle.  

• Energy loss can be clearly observed. It depends slightly on the incidence energy, 
increases to larger scattering angles and is only minimally dependent on the 
incidence angle  

• A model of our measured data has been implemented in a new 
G4GrazingAngleScattering class together with analytical descriptions of 
Remizovich and Firsov to enable the usage of recent experimental data for end-
to-end simulations of X-ray telescopes in orbit. 

• We are open to perform measurements for other detectors and mirrors in case 
anybody is interested.


