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✦ Soft (E < 1 MeV) proton effects on X-ray detectors 

✦ Reflection of soft protons on X-ray mirrors 

✦ Experimental setup at the accelerator facility 

✦ Examples of measurements performed
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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 Accelerator Setup
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Soft Protons and X-Ray Telescopes
Introduction and Motivation

Chandra Soft Proton Incident
Sudden CTI increase of
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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X-ray Satellites Chandra and XMM-Newton 

Proton Spectrum measured in orbit with a low gain 
mode of the pn-camera of XMM-Newton
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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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Soft Proton Effects on X-Ray Detectors
Introduction

(Soft) Proton Effects on Silicon X-Ray Detectors

Degradation of the photon detection performance
(sensitive volume, energy resolution, spatial resolution)

Charge trapped in insulator ) increased voltage for full depletion
Creation of intermediate levels ) increased leakage current
Creation of charge traps ) decreased charge collection efficiency

Observational background

Energy deposition via direct interaction in the detector
Induction of fluorescent line emission in the vicinity of the detector
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Funneling Mechanisms
Introduction and Motivation

Firsov Scattering

Protons interact with electron
plasma above mirror surface
Efficient at low incident angles
Very small energy loss
Boost to forward angles

6. Background evaluation

The Geant4 Firsov scattering code implemented by Lei et al. (2004) has been adapted to the Geant4

9.1 release, and used in combination to the multiple scattering for the XMM-Newton simulation.

In Santin et al. (2009) the code has also been used for the evaluation of the protons and electrons

scattering through the IXO X-ray optics.

As first preliminary test, a beam of 500 keV proton is emitted towards a slab composed by a 1

mm thick Nickel (Ni) coated by a 50 nm Gold (Au) layer, as the XMM X-ray optics, for two

incident angles (as respects the slab surface or the telescope axis): 0.2� and 3�. In Figure 6.16

the energy loss (top panel) and scattering angle (bottom panel) probability distribution is plotted

with and without the addition of the Firsov scattering. The latter being activated only for incident

angles lower than 1�. For an incident angle of 3�, both cases give the same result, since the Firsov

Figure 6.16: Probability distribution of the energy loss (top panel) and angular distribution
(bottom panel), as respects the telescope axis, of 500 keV protons after the interaction with an
XMM mirror shell. The red and light blue lines refer to the activation of the multiple and Firsov
scattering for an incident angle, as respects the telescope axis, of 0.2� and 3�, while the green and
blue lines refer to the only multiple scattering, for the same incident angles as the Firsov case.

scattering is not e↵ective: the proton energy loss is equally distributed above 20 keV, and a broad

scattering angular distribution is obtained up to 10�. For an incident angle of 0.2�, the multiple

scattering induced losses are peaked at ⇠ 15 keV but still with a broad tail, while the exiting proton

distribution is more collimated. However this results is still far from what obtained through the

Firsov scattering, inducing a lower energy loss (⇠ 3 keV) and a gracing proton deflection. The

same results have been published by Lei et al. (2004): the ability to reproduce their work allows

122

(Fioretti, 2011)
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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
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(Aschenbach, 2007)
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Experimental Setup

Accelerator Facility (Rosenau)
3 MV Van de Graaff accelerator
Current terminal voltage range: 0.7 – 2.0 MV
Beam current: 10 nA – 10 µA continuous current
Ion types: p, H+

2, d, D+
2, 4He+, 12C+, 13C+, 16O+

6 beam lines
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Accelerator at the Rosenau in Tübingen Three of the Six Beamlines
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Heritage: Soft Proton Irradiation Setup
Experimental Setup

Soft Proton Irradiation Setup (1)
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Figure 8: Measured flux homogeneity map for 2.3MeV beam energy and an 18 m Cu foil.
The given values are normalized to the center of the beam.

accelerator is 350 keV if a molecular hydrogen beam is used, but the beam
current is by far too large to point it directly on a SSB.

The only reasonable possibility for a calibration is the use of backscattered
protons from known targets. For this purpose, the SSBs have been mounted
in the D-shaped chamber at beam line 2 that has been used for the RBS
measurements (cf. Figure 3). The electronics configuration including all
cabling remains the same as in the irradiation setup. The only di↵erence is
the use of a di↵erent vacuum feed-through, which could introduce a slight
change in the capacitance between detector and preamplifier. One by one the
SSBs have been calibrated with four di↵erent known targets. 13C, aluminum,
copper, and gold targets are easily available and cover a wide energy range
of backscattered protons without the need for changing the beam energy (cf.
Tab. 2). To determine the ADC channel-to-energy mapping, the positions of
the high energy edges of the spectra are used. An example of the calibration
is presented in Figure 9.

A consistency check has been performed by measuring the proton spec-
trum in the irradiation setup with four detectors that have been calibrated
with this method. The largest energy o↵set between two detectors is less
than 12 keV. This indicates an accuracy of the calibration that is more than
suitable for the measurement of energy spectra for irradiation purposes.

13

Figure 10: Picture of a LOFT detector prototype on a printed circuit board (PCB),
mounted in the irradiation chamber with four monitor detectors around. The connectors
on the upper part of the PCB have been used to bias the SDD and test structures around
the SDD during the irradiation.

irradiation. Nevertheless, the combination of the leakage current measure-
ment and additional information, which is gained from the measurement of
test structures (gated diodes and MOS capacitors) that are placed in the de-
tector corners, yields a well founded statement on the radiation hardness. A
publication that presents the results of the soft proton irradiation campaigns
together with the results of other irradiations is in preparation. In the fol-
lowing sections 5.2.1 and 5.2.2 the irradiation procedures are described, and
the nominal and the applied fluences are summarized.

5.2.1. First preliminary irradiation campaign
In the first campaign two proton energies were used: 300 ± 33 keV to

maximize ionization in the insulating field oxide on the SDD surface, and
⇠ 838±52 keV, because it is the maximal energy available for a uniform flux
distribution. The fluence has been applied in four steps with intermediate
measurements of the I-V-curves of the gated diodes, and leakage current
measurements before and after the entire irradiation. The fluence for each
step is selected to reach a defined NIEL for the WFM and the LAD: in Step 1
half the NIEL expected for the LAD is reached, Step 2 increases the NIEL to
the orbital value for the LAD, Step 3 reaches approximately the orbital NIEL
for the WFM, and finally Step 4 increases the NIEL to twice the orbital value
for the WFM. The irradiations were performed on three sequent days and

16

✦ Originally designed for LOFT detector 
irradiation 

✦ Allows homogeneous 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
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LOFT Detector Prototype

PROBING SPACETIME AND MATTER UNDER EXTREME CONDITIONS

LOFT - LARGE AREA DETECTOR

EFFECTIVE AREA
4 m2 @ 2 keV
10 m2 @ 8 keV
1 m2 @ 30 keV

ENERGY RANGE
2-30 keV
(30-80 keV ext.)

ENERGY
RESOLUTION FWHM

200 eV @ 6 keV

COLLIMATED FOV 1 deg FWHM

ABSOLUTE TIME
ACCURACY

1 Ps

2000x

83 µm

16 µm

125x

LOFT (Large Observatory for X-ray Timing) 
currently in the ESA M4 selection process
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Experimental Setup

CAD Model Cross-Section
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Experimental Setup

CAD Model Cross-Section
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Experimental Setup

Implementation at the Accelerator Facility
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Experimental Setup

Incident Flux Determination via Monitor Detectors
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Scattering Efficiency at 250 keV

✦ scan the target area with a movable SSB detector 
✦ record the scattering efficiency for different incidence angles and energies 
✦ accumulate spectra and determine the average energy loss

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.

18 Sebastian Diebold et al.

Fig. 14 Most probable energy loss for Einc = 250 keV. The values have been calculated
by subtracting the mean energy of the scattered spectra from the incident energy. All these
values have been obtained by Gaussian fits to the main peak of the spectra. The individual
data points for each incidence angle are connected by straight lines.
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Fig. 15 Same as Fig. 14, but for Einc = 500 keV.

cant increase of the energy loss towards larger scattering angles, while being
independent of the incident angle. An explanation for the discrepancy among
the experimental results is first of all the di�erent target materials as well as
di�erent surface conditions of the mirror samples used in the present study
compared to the extensively prepared graphite and aluminum targets, which
feature a clearly defined crystal orientation and flatness on an atomic level
without contamination from adsorbed gases.

Energy Loss at 500 keV



Dr. Chris Tenzer - 

CATEGORIZATION AND/OR 
CHAPTERSummary

Wahrscheinlichkeitsverteilung vor KorrekturChris Tenzer - IAAT, University of Tübingen, Germany - Soft Proton Irradiation of X-ray Detectors and Mirror Shells

✦ we are currently updating the setup to improve on the resolution of the 
energy measurement and the angular distribution 

✦ we are preparing measurements with multi-layer coated mirrors and are 
open for other interested groups to test their mirrors (or detectors) 

✦ the results obtained so far for eROSITA are published and will now be 
compared with recent Geant4 simulations and a raytracing code 
developed in a collaboration with INAF Palermo
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✦ we are currently updating the setup to improve on the resolution of the 
energy measurement and the angular distribution 

✦ we are preparing measurements with multi-layer coated mirrors and are 
open for other interested groups to test their mirrors (or detectors) 

✦ the results obtained so far for eROSITA are published and will now be 
compared with recent Geant4 simulations and a raytracing code 
developed in a collaboration with INAF Palermo

Thank you!


