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Figure 2.1: Beam line of the 2d scattering experiment in Frankfurt. The beam line
consists of the ion source, the magnet for focusing, selection and redirection
and the beam chopper, followed by the collimation via slits and the target
apparatus. At the end the MCP delay line anode detector is installed. The
representation is for the better imagination of the beam line structure and
does not represent correct proportions.

As a source for the protons a Penning Ionization Gauge (PIG) type ion source is used
operated with hydrogen gas. A detailed discussion of the functionality of this specific
ion source is found in Baumann and Bethge [1981]. The protons are directly accelerated
by the voltage in the source. The beam is focused by a single-lens and again by a double
focusing 90° magnet which enables to separate the beam from impurities and by using
slits a beam in a very small energy band can be selected. The beam then enters a
beam chopper. Its principle of function is to move the beam up and down over a
slit by using capacitor plates, controlled via a microprocessor with a quartz crystal
clock. The capacitor plates are changing their polarization with a frequency of around
4 MHz. This leads to single protons being able to leave the chopper at every up and
down cycle, but only in one of the cycles they can leave at the correct angle to go
through the following collimation8. The beam is guided by three groups of capacitor
plates and copper slits. The last slit is directly in front of the target mirror and set to
a rectangular aperture of 50µm 9.

After the beam passing the last slit the beam goes onto the target apparatus (see
Figure 2.2), consisting of the target mirror set on ground potential and a capacitor
plate above it. The target is an SPO sample consisting of silicon covered by 10 nm

8The condition to pass the collimation results in only single protons passing the chopper at once.
The time between two particles is in the region of tens to hundreds of microseconds, while the
chopper has an interval of only several hundred nanoseconds.

9This was achieved by closing the slit to the point of full coverage of the beam, then the slit was
opened by 50µm.
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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)

10-8

10-6

10-4

10-2

100

10-2 100 102 104

st
op

pi
ng

 p
ow

er
 (M

eV
/µ

m
)

proton energy (MeV)

NIST PSTAR electronic
NIST PSTAR nuclear

Proton stopping interactions in silicon

100

102

104

106

10-2 100 102 104

pr
oj

ec
te

d 
ra

ng
e 

(µ
m

)

proton energy (MeV)

NIST PSTAR

Proton range in silicon

4/34 | Soft Proton Scattering on X-Ray Mirror Shells HEA Group Seminar, 6 Feb. 2015

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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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)

2/34 | Soft Proton Scattering on X-Ray Mirror Shells HEA Group Seminar, 6 Feb. 2015

Two categories of effects on astronomical observatories:

 

• Degradation of the detector performance


• Creation of intermediate energy levels => increased leakage current


• Creation of charge traps => degrading the CTE 

• Contributions to background in observations


• Energy deposition via direct interaction with the detector


• Triggering of secondary particles in the vicinity of the detector

• Soft protons are in this respect more 
harmful than high energy protons.


• Severity of effects depend on 
radiation environment and detector 
properties.



Chris Tenzer - IAAT, University of Tübingen, Germany - Soft proton scattering on X-ray mirrors

Context - Soft Proton Measurements in Tübingen

4

Accelerator facility

| S. Hanschke | Soft Proton Measurements and Simulation Geant4 Space Users Workshop, April 10, 2017 
 

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) 

5 

Experimental Setup 

Experimental Setup

Implementation at the Accelerator Facility
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3MV 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+)


Results published in: S. Diebold et al. Soft proton scattering efficiency measurements on x-ray mirror shells. Experimental Astronomy, 39:343–365, 2015. 
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3MV 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+)


Experimental Setup

CAD Model Cross-Section
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Results published in: S. Diebold et al. Soft proton scattering efficiency measurements on x-ray mirror shells. Experimental Astronomy, 39:343–365, 2015. 
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Accelerator facility

2.5MV Van de Graaff accelerator at the University of Frankfurt, Germany


• Beam energy range: 250 keV – 2.5 MeV  

• Measurements also taken at 3 horizontally-offset angles


• Switch from Ni/Au to Silicon Pore Optics mirrors 

• Several ion types (p, H+
2, d, D+

2,4He+,12C+,13C+, 16O+)  

Scattering e�ciencies of soft protons from Athena SPO 5

Fig. 3 Picture of the beamline at the Van der Graa↵ accelerator facility. The beam direction
is from the right to the left. The position of the degrader foils and the collimator inside the
beamline are pointed out, as well as the detector and target chambers.

Fig. 4 Pictures of the SPO sample, with the reflecting surface up (left) and down (right).

top with a 10 nm of iridium and 7 nm of silicon carbide4. It is located in an
apposite chamber (hereafter called target chamber) and mounted on a tiltable
plate. The height of the target can be adjusted by a set of screws underneath
the plate. A linear manipulator is used to change the inclination of the plate,
i.e., of the incident angle (✓0). The pivoting point is is several centimeters
below the line of the beam, so that the target can be completely removed from
the beam, allowing for a determination of the primary beam position on the
detector plane. The manipulator is set below the target chamber and hence
can be easily accessed when the system is under vacuum.

4 Though iridium is the baseline coating material, a low-Z overcoating is also considered
to improve the reflectivity at lower energies. Di↵erent low-Z materials and thicknesses are
currently under investigation.

Scattering e�ciencies of soft protons from Athena SPO 5
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Fig. 3 Picture of the beamline at the Van der Graa↵ accelerator facility. The beam direction
is from the right to the left. The position of the degrader foils and the collimator inside the
beamline are pointed out, as well as the detector and target chambers.

Fig. 4 Pictures of the SPO sample, with the reflecting surface up (left) and down (right).

top with a 10 nm of iridium and 7 nm of silicon carbide4. It is located in an
apposite chamber (hereafter called target chamber) and mounted on a tiltable
plate. The height of the target can be adjusted by a set of screws underneath
the plate. A linear manipulator is used to change the inclination of the plate,
i.e., of the incident angle (✓0). The pivoting point is is several centimeters
below the line of the beam, so that the target can be completely removed from
the beam, allowing for a determination of the primary beam position on the
detector plane. The manipulator is set below the target chamber and hence
can be easily accessed when the system is under vacuum.

4 Though iridium is the baseline coating material, a low-Z overcoating is also considered
to improve the reflectivity at lower energies. Di↵erent low-Z materials and thicknesses are
currently under investigation.

Results published in: R. Amato et al. Scattering efficiencies measurements of soft protons at grazing incidence from an Athena Silicon Pore Optics sample. 
Experimental Astronomy, 52:109–123, 2021. 
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plate. The height of the target can be adjusted by a set of screws underneath
the plate. A linear manipulator is used to change the inclination of the plate,
i.e., of the incident angle (✓0). The pivoting point is is several centimeters
below the line of the beam, so that the target can be completely removed from
the beam, allowing for a determination of the primary beam position on the
detector plane. The manipulator is set below the target chamber and hence
can be easily accessed when the system is under vacuum.
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top with a 10 nm of iridium and 7 nm of silicon carbide4. It is located in an
apposite chamber (hereafter called target chamber) and mounted on a tiltable
plate. The height of the target can be adjusted by a set of screws underneath
the plate. A linear manipulator is used to change the inclination of the plate,
i.e., of the incident angle (✓0). The pivoting point is is several centimeters
below the line of the beam, so that the target can be completely removed from
the beam, allowing for a determination of the primary beam position on the
detector plane. The manipulator is set below the target chamber and hence
can be easily accessed when the system is under vacuum.

4 Though iridium is the baseline coating material, a low-Z overcoating is also considered
to improve the reflectivity at lower energies. Di↵erent low-Z materials and thicknesses are
currently under investigation.

4 Roberta Amato et al.
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Fig. 1 Schematic drawing (not in scale) of the beamline setup. The proton beam enters
the setup from the left-hand side. It encounters the pinhole aperture (1 mm in diameter),
the Al degrader foil (0.002 mm thick) and the collimator. Inside the target chamber, the
normalisation detector can be lowered down to intercept the beam for the normalisation
measurements. If the normalisation detector is not in the line of the beam, then protons are
reflected from the SPO sample (in yellow) towards the detector chamber, where they hit the
central and lateral detectors. The incident angle ✓0 between the line of the beam and the
mirror varies with the inclination of the target plate, while the scattering angle ✓ between
the mirror and the detectors in the detector chamber varies with the their height h. The
distance d between the target plate and the vertical ax of the central detectors is fixed to
942 mm.

Fig. 2 A CAD model of the beamline (same as Diebold et al. 2015). The proton beam
enters the setup from the right and moves towards the left. The SPO sample is located in
the target chamber, while the detector is placed in the chamber at the end of the beamline
(detector chamber). A second detector (not shown in the picture) was placed next to the
central one, with an angular distance of ⇠ 2�.

supported in their position by 2 mm aluminum plates, which absorb any pro-
ton of the degraded beam not entering the apertures and being scattered by
the inner walls of the collimator and of the beamline itself.

The SPO target (Fig. 4), provided by cosine3, consists of a 110 mm long
single silicon wafer, 0.775 mm thick, grooved in the bottom, and coated on

3 https://www.cosine.nl/cases/silicon-pore-optics-mirror-modules-spo-for-astronomy/.

Results published in: R. Amato et al. Scattering efficiencies measurements of soft protons at grazing incidence from an Athena Silicon Pore Optics sample. 
Experimental Astronomy, 52:109–123, 2021. 
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A different approach10 2 Experimental setup
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Figure 2.1: Beam line of the 2d scattering experiment in Frankfurt. The beam line
consists of the ion source, the magnet for focusing, selection and redirection
and the beam chopper, followed by the collimation via slits and the target
apparatus. At the end the MCP delay line anode detector is installed. The
representation is for the better imagination of the beam line structure and
does not represent correct proportions.

As a source for the protons a Penning Ionization Gauge (PIG) type ion source is used
operated with hydrogen gas. A detailed discussion of the functionality of this specific
ion source is found in Baumann and Bethge [1981]. The protons are directly accelerated
by the voltage in the source. The beam is focused by a single-lens and again by a double
focusing 90° magnet which enables to separate the beam from impurities and by using
slits a beam in a very small energy band can be selected. The beam then enters a
beam chopper. Its principle of function is to move the beam up and down over a
slit by using capacitor plates, controlled via a microprocessor with a quartz crystal
clock. The capacitor plates are changing their polarization with a frequency of around
4 MHz. This leads to single protons being able to leave the chopper at every up and
down cycle, but only in one of the cycles they can leave at the correct angle to go
through the following collimation8. The beam is guided by three groups of capacitor
plates and copper slits. The last slit is directly in front of the target mirror and set to
a rectangular aperture of 50µm 9.

After the beam passing the last slit the beam goes onto the target apparatus (see
Figure 2.2), consisting of the target mirror set on ground potential and a capacitor
plate above it. The target is an SPO sample consisting of silicon covered by 10 nm

8The condition to pass the collimation results in only single protons passing the chopper at once.
The time between two particles is in the region of tens to hundreds of microseconds, while the
chopper has an interval of only several hundred nanoseconds.

9This was achieved by closing the slit to the point of full coverage of the beam, then the slit was
opened by 50µm.

 Most recent setup in Frankfurt
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Improvements

So what is new?


• 2D HEXanode delay-line MCP detector


• 8 cm detector diameter  


• Measure full 2D scattering distribution in one run 


• Follow single proton, create individual detector events


• ~100 ps time resolution 


• ~0.05 mm spatial resolution 


• Energy determined by Time of Flight measurement


• Energy resolution < 1 keV 

• Softer Protons!


• Energies from 20 keV to 50 keV


 

12 2 Experimental setup

Figure 2.3: Structure of the MCP delay line Hexanode detector. The detector consists
of an MCP layer, that converts the incoming beam into an electron shower
that is multiplied and targeted on the anode. The anode has a hexagonal
structure consisting of three layers of delay lines that enable a position
determination of the center of gravity of an incoming electron cloud. The
representation is for the better imagination of the detector structure and
does not represent correct proportions.

Figure 2.4: Image of the detector in the experiment. In the center is the stacked MCP
in black and behind it the hexagonal structure of the anode. It is possible
to see the delay line itself at the top and bottom.

2.2.1 Structure and control of a measurement cycle

To monitor the beam flux, the measurement is divided into intervals. Every interval is
divided in a normalization phase and a measurement phase. The normalization phase
starts with a reduction of the beam chopper frequency which results in a reduction of

MCP detector (RoentDek) at the setup
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Improvements

What else is new?


• Beam Chopper reduces beam intensity to single protons


• Capacitor plates move beam vertically and horizontally


2.2 2D experimental setup 13

the flux by an identical factor. This is done since the direct beam would lead to a gain
drop in the MCP and therefore result in a signal that is not usable for normalization.
At the beginning of this phase the beam is still on the mirror. After a short time the
micro processor board sends a second signal to a high voltage module which charges up
the capacitor plate above the mirror and therefore sends the reduced beam directly onto
the detector. In this phase the flux of the direct beam is measured on the detector
for normalization. After that the capacitor plate is discharged again and the beam
moves back on the mirror. Then the chopper frequency goes back to 4 MHz and the
measurement phase begins and lasts for the rest of the interval (see Figure 2.5). This is
repeated over the total time of the data acquisition to enable a continuous monitoring
of the beam flux.

To assure a correct assignment and synchronization of the events to the phases, the
begin and end of the normalization phase is signaled to the TDC by blocking of a mirror
signal of the MCP’s timing signal, which means a timing signal which only arrives at
one TDC input, is part of a normalization phase, while an event with two signals from
the MCP is part of a measurement phase. In figure 2.6 the structure of the electronics
for the data extraction as well as the controlling of the cycle phases is depicted.

MCP Hexanode detector

Proton beam

High flux phase

MCP Hexanode detector

Proton beam

Begin low flux phase

Mirror

Mirror

MCP Hexanode detector

Proton beam

Low flux phase

MCP Hexanode detector

Proton beam

End low flux phase

Mirror

Mirror

- V

Figure 2.5: The four phases of a complete normalization and measurement cycle. From
left to right and top to bottom: 1.) A cycle begins with the reduction of
the beam flux to not overstress the MCP, the beam is in this phase still
pointed on the mirror. 2.) By charging up the capacitor plate above the
mirror the beam gets directly pointed on the detector for normalization of
the flux, at the end the capacitor plate goes back to ground potential and
the beam points back on the mirror. 3.) The flux is increased again for the
measurement phase. 4.) The measurement phase in which the beam is at
high flux pointed onto the mirror.
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Terminology

|  12Bastian Heß, IAAT, Eberhard Karls Universität Tübingen, 2022

Experiment geometry

𝜽

𝝓

𝜳

Target

Detector plane

Proton beam

• 𝜳: Grazing angle between proton beam and 
target plane

• 𝜽: Scattering angle, vertical angle between 
incident beam and scattered beam

• 𝝓: Azimuth angle, horizontal angle between 
incident beam and scattered beam

Scattering efficiency:


• Normalisation phases: incoming beam flux on mirror is determined


• Binned detector events: normalised to solid angle of bin

|  13Bastian Heß, IAAT, Eberhard Karls Universität Tübingen, 2022

What is measured?
• Scattering efficiency:

• 𝜂 𝛹, 𝜃, 𝜙 = 𝑁𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝛹,𝜃,𝜙
𝑁𝑏𝑒𝑎𝑚 𝑑Ω

• From measurements in the normalization phase, a beam flux 
can be determined

• Beam flux times measurement time gives number of protons 
that hit the mirror

• Normalization by the solid angle covered by one bin in the data 
results in comparability of the results to other measurements

• Energy loss:
• Time protons need to travel the distance from target to detector 

depends on their energy
• Measurement of the time delay between scattered protons and 

direct protons is used to determine the energy

Energy loss:


• Time of Flight measurement of time delay between direct and scattered 
protons is used to determine the energy loss.  

•
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Results - Scattering Efficiency Examples

4.3 Scattering e�ciency 35

Figure 4.2: 2D and 3D representation of the scattering e�ciency at E0 = 35.00(10) keV
and  = 0.507+0.017

≠0.017 °. A strong concentration of the scattering e�ciency on
the center line � = 0° can be seen as well as a strong cut at � =  . This
corresponds to the mirror edge stopping any particles below this scattering
angle. A symmetry around the � = 0° axis is visible. The edge as well as
the central concentration is especially recognizable in the 3D representation,
while the 2D representation provides a better clarity regarding the position
of features.

The features that can be seen in this scattering image are a strong maximum along
� = 0. The areas of similar e�ciency are elliptical but around di�erent centers, a
lower e�ciency results in a symmetric center at a higher scattering angle �. At � =  
a strong edge can be seen that is reasoned in the orientation of the mirror target not
allowing any radiation below that angle as already discussed in detail in 4.1. Still there
is a small amount of particles detected below that angle which is significantly lower
than the amounts above it. The theory is that for a very small amount of particles
that fly parallel to the surface of the mirror, the surface charge of the mirror can result
in a deviation of the flight path. As the amount is so low with respect to the rest of
the scattering image, it was decided to neglect these particles.

Regarding the uncertainty of these e�ciency measurements, several factors were taken
into account. First the statistical uncertainty which has two components, the statistical
uncertainty of the measurement itself as well as the normalization. Both were treated
classically with the Poisson theory:

u (xPoisson distributed) =
Ô

x . (4.3)

Additionally to the statistical uncertainties has the normalization to a solid angle of
1 sr also a possible error. As already in detail discussed regarding the determination of
 , the distance between the area in which the beam hits the mirror and the detector
L is not exactly determinable. This leads to an uncertainty regarding the solid angle
covered by one pixel. This uncertainty is much larger than the uncertainty induced by
the naive way to calculate the solid angle by multiplying the angles covered by that

2D and 3D representation of the scattering efficiency at E0 = 35 keV and Ψ = 0.5°. 
The cut at Θ=Ψ corresponds to the mirror edge stopping any particles below this 
scattering angle.
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Results - Scattering Efficiency Examples

Increasing the beam energy results in a more narrow distribution on the detector.

38 4 Results and discussion

20.00(10) keV 35.00(10) keV

50.00(10) keV

Figure 4.4: 2d scattering e�ciency at di�erent initial energies E0 for  ¥ 0.5°. For
all three energies a similar can be seen, neglecting the di�erence in po-
sitioning of the � = 0° line relative to the detector. The most signifi-
cant di�erence is in the height of maximum e�ciency which is the high-
est at 50.00(10) keV and decreasing towards the lower energies while the
step between 50.00(10) keV and 35.00(10) keV is much smaller than be-
tween 35.00(10) keV and 20.00(10) keV. It also seems that the scattering
images for 35.00(10) keV and 50.00(10) keV are more focused than the one
for 20.00(10) keV.

E0  = 20 keV, Ψ = 0.5° E0  = 35 keV, Ψ = 0.5°
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Results - Scattering Efficiency Examples

Different incidence angles for E0  = 35 keV. The maximum moves with Θ = 2 * Ψ.

4.3 Scattering e�ciency 39
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≠0.017 °  = 0.278+0.017

≠0.017 °

 = 0.507+0.017
≠0.017 °  = 0.797+0.017

≠0.017 °

 = 0.999+0.017
≠0.017 °

Figure 4.5: 2d scattering e�ciency at di�erent grazing angles  for E0 = 35.00(10) keV.
For all grazing angles a focus at the center line � = 0° is visible, for an
analysis of the position in � this representation is unsuited. The maximum
e�ciency is strongly dependent on  and decreases significantly with higher
grazing angles. Parallel to that decreases the focusing of the beam resulting
in a wider scattering pattern.

It was chosen to represent the data for the di�erent energies by the grazing angle  ¥
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It was chosen to represent the data for the di�erent energies by the grazing angle  ¥

Ψ = 0.1° Ψ = 0.3°

Ψ = 0.5° Ψ = 0.8° Ψ = 1°
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Results - Energy Loss Example
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Figure 4.13: Scattering e�ciency in di�erent energy bands for E0 = 35.00(10) keV.
The energy bands have a width of 0.2 · 35 keV = 7 keV. The plots show
a dependency of the scattering angles on the energy they are scattered
at. Lower energies can be found at higher scattering angles while higher
energies are stronger focused and at lower scattering angles.

Figure 4.13 shows how the scattering image looks very di�erent in di�erent energy
bands. In general are the particles with lower energy less focused and can be found
under higher scattering angles. So the scattering image in di�erent energy bands is not
a copy of the total scattering image with di�erent e�ciencies following the spectrum
but shows significant di�erences. The total scattering image can be best described as
the sum of the di�erent energy bands with the lowest energy bands being responsible
for the e�ciency at the high scattering angles while the higher energies are responsible
for the e�ciency around the maximum. The total scattering image is then depending
on the spectrum showing which energies and therefore which scattering angles are most
dominant. The width of the energy bands was chosen to balance the statistics and the
resolution, still the statistic is not enough for a quantitative analysis, especially at
lower energies, but shows the main features important to understand the structure.
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20.00(10) keV 35.00(10) keV

50.00(10) keV

Figure 4.12: Mean energy and variance over R for all initial energies and grazing angles.
The data shows a strict linear dependency of the mean energy on the total
angle of directional change R. Thereby is the mean energy only depended
on R and not on the grazing angle  . Same applies to the variance and
therefore the general form and width of the energy distribution. Again,
the data from the lowest grazing angle seems o�set in energy to the other
measurements.

Figure 4.12 strongly supports the expectation that the angle R is the mainly important
quantity in regard of energy losses as the grazing angle seems of no relevance to the
mean energy as well as the width of the energy distribution. An edge in R under which
no statistically relevant data is obtained shows up at the grazing angle, as expected
from the geometry of the setup. The mean energy E goes to the value that seems
characteristic for R, from there it follows the general trend that is independent on
the grazing angle. Regarding the di�erences from the initial energies, it can be said
that the energy losses are greater and the distributions broader as the plots show the
energy normalized to E0. This choice of representation shows the strong similarities in
dependence on the relative energy losses while the absolute losses are greater for higher
initial energies. Still the relative losses are not completely equal at all initial energies.
The dependency on R becomes slightly stronger at higher values of E0. It is important
to notice that these plots do not contain any information about the e�ciency, just the
energy.

Again the data for  ¥ 0.1° has an o�set to all other energies as already seen in
Figure 4.11. This further strengthens the assumption than the measurement for the

0.1     Average energy loss 

0.3     is linear with 

0.5     overall angular 

0.8     distance  

1.0     from original beam direction. 

52 4 Results and discussion

position relative to the initial energy is similar. This means, more particles lose higher
amounts of energy if the initial energy is higher as well.

If the data is compared with the characteristics described by Remizovich et al. [1980],
presented in Chapter 1.2 it can be stated that the spectrum shows similar changes
in form through reduction of  as well as E0. In both cases becomes the spectrum
narrower which matches the expected characteristics.

To present the dependency of the energy on the scattering angle, it was decided to not
look singularly at � but directly at R =

Ô
�2 + �2. This comes from the consideration

that the energy loss is proportional on the directional change in momentum, therefore
not only the change in � but also � is relevant equally. To separate them by cutting
the measured information would significantly decrease the statistics. The decision to
use R as the variable enables to use the full measured statistics without distort the
information, assuming that � and � have a equal impact on the energy loss. To
present the energy loss, the mean energy was chosen as it provides the most important
information and enabling a clear presentation at the same time as already discussed in
Chapter 3.2.2. At the same time, the uncertainties for R are calculated similarly to the
uncertainties of � and �. For the value of the mean energy, the variance is presented
as it provides information of the form of the spectrum as well as an indication of the
uncertainty. It has to be stated that the uncertainty of the mean value following the
standard uncertainty of mean values (u(x) = Var(x)/

Ô
n, with n for the number of

data points for the quantity x) can be much smaller than the variance. The calculation
path for the quantities are presented in Chapter 3.2.2.
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Soft Proton Scattering on X-ray Mirrors

• Our new setup in Frankfurt opened up a lot of possibilities to measure the 
parameters of soft proton reflection in great detail.


• We have only just begun to explore the data from our first series of 
measurements.


• Measurement results are in good agreement with our previous 1D measurements


• Energy loss can be clearly observed. It depends linearly on the scattering 
distance/angle away from the beam.


• Data indicate that a noticeable amount of proton neutralisation seems to happen 
during the reflection at these low energies. => under investigation 

• A model of our measured data will be made available in a Geant4 useable format 
to enable the simulations of the process in MonteCarlo simulations.



