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Neutral Ion Mass spectrometer (NIM) is one of the instruments in the Particle Environmental Package
(PEP) designed for the JUICE mission of ESA to the Jupiter system. NIM, equipped with a sensitive MCP
ion detector, will conduct detailed measurements of the chemical composition of Jovian icy moons exo-
spheres. To achieve high sensitivity of the instrument, radiation effects due to the high radiation back-
ground (high-energy electrons and protons) around Jupiter have to be minimised. We investigate the
performance of an Al–Ta–Al composite stack as a potential shielding against high-energy electrons.
Experiments were performed at the PiM1 beam line of the High Intensity Proton Accelerator Facilities
located at the Paul Scherrer Institute, Villigen, Switzerland. The facility delivers a particle beam contain-
ing e�, l� and p� with momentum from 17.5 to 345 MeV/c (Hajdas et al., 2014). The measurements of the
radiation environment generated during the interaction of primary particles with the Al–Ta–Al material
were conducted with dedicated beam diagnostic methods and with the NIM MCP detector. In parallel,
modelling studies using GEANT4 and GRAS suites were performed to identify products of the interaction
and predict ultimate fluxes and particle rates at the MCP detector. Combination of experiment and mod-
elling studies yields detailed characterisation of the radiation fields produced by the interaction of the
incident e� with the shielding material in the range of the beam momentum from 17.5 to 345 MeV/c.
We derived the effective MCP detection efficiency to primary and secondary radiation and effective
shielding transmission coefficients to incident high-energy electron beam in the range of applied beam
momenta. This study shows that the applied shielding attenuates efficiently high-energy electrons.
Nevertheless, owing to nearly linear increase of the bremsstrahlung production rate with incident beam
energy, above 130 MeV their detection rates measured by the MCP detector compares to the MCP rate of
the incident electron beam. We define key performance parameters for the shielding and show direction
of its improvements by introducing additional layer of material to attenuate c-rays and reduce the MCP
sensitivity to the penetrating radiation. The experiments also verify the predictions by modelling tools
used currently for optimisation of shielding against high-energy particles.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Jupiter Icy Moons Explorer (JUICE) mission to explore the
Jupiter system is an L-class mission of ESA to be launched in
2022 [1–3]. The spacecraft will be equipped with the Particle Envi-
ronmental Package (PEP) containing six sensors that will measure
the magnetosphere of Jupiter and the exospheres of its icy moons
Europa, Ganymede, and Callisto. The Neutral Ion Mass spectrome-
ter (NIM), one of the PEP sensors accommodated on the JUICE
spacecraft nadir face, will perform the first-ever direct sampling
of neutral gas and thermal plasma surrounding the icy satellites
during the flybys of Europa, Ganymede, and Callisto, and during
the orbits around Ganymede.

The NIM instrument has a compact design based on the time-
of-flight (TOF) principle and uses a sensitive MCP ion detector
[4,5]. The mass spectrometer can record spectra in the mass range
1–1000 amu, with a mass resolution (M/DM) �1100 and a field of
view (FOV) of 10� � 360�. The instrument supports 6 decades (106)
dynamic range and can deliver highly sensitive measurements of
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chemical composition of molecular, atomic and isotope species of
the exospheric gases [2–4,6]. Highly sensitive measurements are
essential and can address many scientific questions about the hab-
itability of these moons [7,8]. At Europa, however, where JUICE will
encounter the most demanding environment in terms of high
energy radiation fluxes, the detection threshold of NIM is esti-
mated to increase from �2 to 30 cm�3 s�1 because of the high level
of penetrating radiation due to high-energy electrons and protons.
The penetrating radiation can reduce severely performance of the
instrument by increasing noise level, causing detector saturation
effects, and reducing detectors lifetime [9,10]. Hence, high radia-
tion tolerance of the instrument components is required [11].

The NIM ion detector contains microchannel plates (MCPs) with
the highest detection efficiency (�70%) to particles with energies
in the range of few keV [12–15]. The MCP detection efficiencies
were investigated also for more energetic electrons in the range
of some tenths of keV to hundredths of MeV [16–19]. A trend of
decreasing MCP detection efficiencies to electrons with higher
energies is observed. The detection efficiency for energetic elec-
trons in the Jovian environment is expected to be 5–6% at least
in the energy range 1–350 MeV and their high-rate can generate
considerable background noise [18,19]. To reduce this noise the
MCP detector has to be appropriately shielded [19]. Parallel to
the attenuation of the primary particle flux also the secondary
radiation produced in the shielding (secondary electrons, c-rays)
has to be reduced [20]. In the present modelling studies of the
shielding protecting the MCP detector in the NIM instrument, the
geometry and shielding thickness based on an Al–Ta–Al composite
stack was derived taking into account the energetic electron fluxes
expected near Jupiter [7]. The shielding design considered here
represents the passive radiation shielding for NIM and was opti-
mised for the measurements planned for the Europa flybys, which
represent the worst case radiation scenario for the JUICE mission
[40].

In the present study, we have developed a measurement
methodology allowing for a detailed analysis of radiation effects
produced by high-rate and high-energy particles penetrating
shielding material. We characterise the parameters of the incident
particle beam and radiation effects produced by the interaction of
primary beam with the shielding material by several beam diag-
nostic techniques using appropriate particle detectors. Measure-
ments with the MCP detector are referenced to the results
obtained from the beam diagnostic studies. In parallel, the mod-
elling of the interaction of the primary particle beam with the
shielding material was conducted to understand the composition
of secondary radiation (radiation effects) behind the shielding.
Both modelling results and the MCP measurements yield beam
transmission coefficients as a function of the primary beam energy.
The measurement method leads to the quantitative characterisa-
tion of radiation fields produced by incident particles in the shield-
ing material. The effective MCP detection efficiency to secondary
products provide the input to improve the design of the shielding.
2. Experimental method

2.1. Secondary beam line of the PSI High Intensity Proton Accelerator

The experimental studies were conducted at the High Intensity
Proton Accelerator Facility, PSI Villigen, Switzerland with the sec-
ondary beamline, PiM1 [21]. In the current application, the PiM1
beamline is optimised to deliver electrons (e�), pions (p�), and
muons (l�) to the experimental area. The momenta of these parti-
cles can be selected in the range 11.5–345 MeV/c by tuning the
magnet of the beam delivery system [21]. The quadrupole and
dipole magnets of the PiM1 beamline transport the particles to
the experimental area, where the beam is focused by two magnetic
quadrupoles located near the experimental arrangement. The
length of the whole beam line from the particle production target
to the focus point is 23.65 m. Because there are no electrostatic
separators the PiM1 beam always contains a mixture of e�, l�

and p� particles having the same momentum.

2.2. Shielding arrangement

For the present investigations, two separate shielding sets were
prepared from certified Al (Alloy 6082; Al 99%, Si 1%) materials and
Ta (To-226; Nr. 112426 Hainess–Maassen). The first was used in
the experiments with the beam diagnostic instruments, and was
made of rectangular plates (200 mm � 200 mm) arranged as an
Al (1 mm) Ta (10 mm) Al (1 mm) sandwich (Fig. 1). The second
was mounted behind the Al (2 mm) entrance window of the vac-
uum chamber containing the MCP detector, and was made of a cir-
cular (Ø 50 mm) Ta (10 mm) Al (1 mm) composite stack. In
summary, the shielding stack had a very similar composition in
both the experiments performed with the beam diagnostic instru-
ment and with the MCP detector, the only difference being that for
the MCP experiment the outermost Al layer of the shielding (i.e.,
the first encountered by the beam) was 2 instead of 1 mm thick
due to construction constraints. Because in the actual flight detec-
tor of the NIM instrument, the MCP will be encapsulated inside a
shielding cage, an identical round shielding element was mounted
on the opposite window of the vacuum chamber to account for any
effect due to backscattering. In all measurements, the shielding
assembly that is facing the beam was located at the centre of the
beam focal plane (Fig. 1).

2.3. Diagnostic instrumentation

The experimental characterisation of the primary (incident) and
secondary particle beams (produced after the primary particles
passed the shielding) was achieved with four methods: (i) a DE–
E plastic scintillator telescope, (ii) a NaI(Tl) scintillation detector,
(iii) a parallel plate ionisation chamber, and (iv) a beam scanner.
The ionisation chamber was inserted just behind the beam exit
from the vacuum pipe. The beam telescope consists of a DE thin
plastic (30 mm � 30 mm � 2 mm) and a cylindrically-shaped E
detector (30 mm thick, Ø 28 mm). Both detectors were separated
by �5 mm. The telescope located at the focal position was applied
to identify primary and secondary electrons using coincidence and
anticoincidence methods. The NaI(Tl) scintillation detector (100

thick, Ø 100) was used for c-ray measurements. The beam scanner
with a plastic scintillator (2 � 2 mm2) was mounted on the XY-
translation table to acquire the 2D beam profile. A scintillator
detector at the centre of the beam at its focal plane determined
the beam flux maximum.

The readout electronics was located in a separate room, several
meters away from the measurement area [19]. The signals pro-
duced by the ionisation chamber were registered by a high-
precision pico-amperemeter with current-to-voltage and voltage-
to-frequency converters and a counter. The plastic telescope deliv-
ered signals to a linear (analogue) fan-out followed on one output
by amplitude discriminators, a logical coincidence unit, and coun-
ters. A high-speed oscilloscope was employed for the output signal
and wave detection for time-resolved pulse analysis including his-
tograms for signal amplitudes and time differences with respect to
trigger and storage of data. The signals from the NaI(Tl) detector
were sent to the preamplifier and amplifier, and were then anal-
ysed by the multi-channel analyser. Signals from the beam scanner
produced by a small scintillator together with the main accelerator
beammonitor were fed to a DRS4 chip evaluation board working as
a discriminator and a counter. All high voltage power supplies for



Fig. 1. Experimental setup for the beam diagnostic measurements A1: E�DE plastic scintillator telescope, A2: NaI(Tl) scintillation detector for c-rays detection; A3: Al/Ta/Al
shielding; A4: support electronics.
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the above detectors were located directly in the PiM1 area; the
measurements were remotely controlled from the control room
[19]. Initially all detectors were calibrated with radioactive
sources.

The beam composition was analysed with TOF and energy-loss
methods [21]. In the TOF method, the arrival times of e�, l� and p�

particles from the production target to the MCP detector were
measured. The measurements were synchronised with the phase
of the 50 MHz accelerator radiofrequency signal. A small scanning
detector inserted at the beam focal plane provided the start signal,
and the 50 MHz synchrocyclotron waveform provided the stop sig-
nal. In the range of applied beam momenta, the electrons travel
with nearly speed of light. Therefore, their times of arrival at the
detector are relatively independent on beam momentum. How-
ever, for p� and l� the times of arrival are momentum-
dependent, and these particles arrive with some delays compared
to electrons. The three temporally separated groups of peaks can
be measured as a function of beammomentum. Analysis of the sig-
nals determined the particle beam fractions. The analysis of the
beam composition with the energy-loss method allowed us to con-
firm the results obtained with the TOF method.

2.4. Experimental setup for the measurements with MCP detector

The experimental setup for the measurements with the MCP
detector is similar to that described in our recent publication
[19], the only difference being the implementation of the shielding
described in Section 2.2. The same MCP detector as in the investi-
gations of MCP detection efficiency is applied in the present stud-
ies. The relevant electric circuit and the detailed characteristics of
the MCP plates applied in the detector are described in our recent
publication [19]. Two 0.6 mm thick MCP wafers (arranged in Chev-
ron configuration, made of lead glass, with a channel diameter of
10 lm and channel pitch 12 lm were assembled to form amplifi-
cation stages of �104 and �103 in the front and second MCP plates,
respectively. The high voltage operation can be arranged in the
voltage range 1700–2100 V. In the present experiments, the volt-
age of 1900 V was applied between MCPs. The channels in MCPs
have a bias angle to the normal axes of 8�. The MCP assembly
was combined with a custom-made high-frequency anode coupled
to a 50 O transmission line. Anode signals were sampled on a 50 O
load with an R&S�RTO1024 oscilloscope, providing an 8-bit digiti-
sation of the waveforms at 10 GSPS with an input bandwidth of
2 GHz. Measurements of individual waveforms were triggered
when a pulse signal with an amplitude smaller than /V/ = 2.5 mV
was produced by the MCP detector [19].

The MCP detector was kept in a cylindrical stainless steel vac-
uum chamber, which was pumped down to pressures lower than
10�6 mbar by turbo-molecular and rotary pumps. The detector is
mounted on a rotating rod to vary the angle of incidence with
the particle beam in the range of incidence angles 0–180�. The
MCP detector could be rotated in both left/right directions with
respect to 0� angle. To distinguish between the MCP orientations
towards incident beam direction the angles are indicated with
±signs (Fig. 2a). The incident beam was always positioned at 0�
to the shielding normal axes, and only the detector is allowed to
rotate. The circular entrance window was made from a composite
stack of Al (2 mm), Ta (10 mm) and Al (1 mm) plates, 50 mm diam-
eter each. The distance from the MCP detector to the beam focal
location was 45 mm and the effective distance from the rear Al
plate of the radiation shielding to the front MCP plate was
�32 mm (Fig. 2b). The particle beam was aligned collinearly with
the centre of MCP plates and its diameter, precisely measured with
the beam scanner, was larger than the MCP effective diameter
(8 mm).

2.5. Measurement method

Two kinds of experimental investigations were performed,
including the beam diagnostic studies and the measurements of
the particle beam by the MCP detector. The beam diagnostic stud-
ies provided beam characteristics including particle fractions,
beam geometry, beam fluxes, and beam intensity as function of
the beammomentum. The MCP detector detected the incident par-
ticles with a high temporal resolution delivering the particle rate
measurements. The diagnostic measurements provided the cali-
bration of the MCP measurements necessary to conduct the quan-
titative analysis by this experiment. By combining the analysis of



Fig. 2. (a) An overview of the experimental setup: electronic rack A1, beam diagnostic instruments A2, vacuum system A3, vacuum chamber containing the MCP detector A4,
ionisation chamber A5, exit window of PiM1 beamline A6. (b) Cut through the design drawing of the experimental vacuum chamber (stainless steel; SS) with a schematic
envelope of the particle beam penetrating the vacuum chamber: the MCP detector B1 kept by housing (PEEK material) on a glass fibre reinforced plastics GFRP (FR4), entrance
window B2, rear window B3 (10 mm Ta + 3 mm Al), and rotating assembly B4; shape of the incident particle and secondary particle beam (yellow tubular feature) B5. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the measurements by the MCP detector and the results of the mod-
elling, a detailed radiation compositional analysis was performed.
In our recent publication, that analysis led to the determination
of the MCP detection efficiencies to e� and p� [19]. In the present
study, the properties of the radiation shielding are investigated by
measurements of the radiation environment produced by the inci-
dent particle beam as a function of beam momentum.

Shielding not only reduces incident particle flux but also pro-
duces a number of various secondary particles to which the MCP
detector can be sensitive depending on their charge and energy.
We therefore introduce a shielding dependent MCP detection effi-
ciency, gS/NS (Pi), in the function of the momentum (Pi) which we
also call the effective MCP detection efficiency. It is defined as
the ratio of the secondary (and transmitted primaries if present)
particle rate measured by the MCP detector, kSMCP(Pi), to the inci-
dent particle rate, kNS(Pi) (the rate of incident particles at the front
MCP surface when no shielding is applied):

gS=NSðPiÞ ¼ kMCP
S ðPiÞ
kNSðPiÞ ð1Þ

The gS/NS coefficient is a measure of the MCP detector efficiency
to the radiation field produced by the interaction of the incident
particles with the shielding material. Knowing the MCP detection
efficiency to the incident particles we can characterise also the per-
formance of the shielding to attenuate the incident particle beam.
We define the effective beam transmission coefficient, T(Pi) for the
shielding as the ratio of the rate of the secondary particles (and
transmitted primaries) measured by the MCP detector, kSMCP (Pi),
[#counts/s] to the rate of incident particle which will be measured
by the MCP detector, kNSMCP(Pi) at the applied beam momentum, Pi:
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TðPiÞ ¼ kMCP
S ðPiÞ

kMCP
NS ðPiÞ

¼ kMCP
S ðPiÞ

gðPiÞ � kNSðPiÞ ð2Þ

The latter rate is determined by the incident particle rate at the
front MCP and the MCP detection efficiency to the incident parti-
cles: kNSMCP(Pi) = g(Pi)*kNS(Pi), [#counts/s]. For T = 1, the rate of sec-
ondary particles is equivalent to the rate of incident particles and
the shielding is considered transparent. For T < 1 the beam is atten-
uated and for T > 1 the incident beam is amplified by the shielding.

In the present study we investigated the radiation environment
induced by the primary electrons. The results of analyses of radia-
tion effects induced by the interaction of p� with shielding were
used to support these analyses and help in the beam compositional
analysis.

We also performed detailed studies with GEANT4 (GEometry
And Tracking) and GRAS (Geant4 Radiation Analysis for Space) to
model the interaction of primary beams (e�, l�, and p�) with the
shielding material, using the measured primary beam characteris-
tics as input parameters and the details of the MCP shielding
arrangement to enable direct comparison with the MCP measure-
ment results. We accounted for the attenuation of the primary
beam and the production of secondary particles. The modelling
results provided fluxes and beam intensities of secondary particles
for the range of investigated beammomenta and form the basis for
a detailed beam compositional analysis. The experimental results
also provide a test case for the performance of the theoretical
models.
3. Results and discussion

3.1. Beam diagnostic studies

3.1.1. Composition of primary and secondary beams
The e�, l� and p� particles are produced during the interaction

of primary proton beam with a carbon target. In the range of
applied beam momenta, the electrons are relativistic and arrived
at the experimental area at similar times. For the other heavier par-
ticles, time-of-flights are longer and are the function of the
momentum. For the beam momenta lower than 115 MeV/c, only
electrons are detectable. For larger beam momenta three groups
of well-resolved peaks are observed in TOF histograms. They can
be assigned to e�, l� and p� particles based on time-of-flight
(TOF) analysis [21]. Relative fractions of e�, l� and p� are obtained
by integrating relevant peak intensity and dividing by the sum of
all integrated peaks (Table 1).
Table 1
The beam momentum (p), kinetic energy (T), and beam fractions of the e�, l�, and p�

determined from the TOF measurements. The relativistic E–p transformation is
applied to make the conversion between E (total energy) and p: E2 = p2c2 + (m0c

2)2

and E = T + m0c
2. Here m0 is the rest mass of relevant particle. The m0c

2 values are
0.511, 105.658 and 139.57 MeV for e�, l� and p�, respectively.

Beam momentum
[MeV/c]

Kinetic energy [MeV] Fraction [%]

e� l� p� e� l� p�

17.25 16.746 1.399 1.062 100 0 0
23 22.494 2.474 1.882 100 0 0
28.75 28.243 3.842 2.930 100 0 0
57.5 56.990 14.633 11.380 100 0 0
86.25 85.740 30.734 24.500 100 0 0
115 114.489 50.511 41.275 97.46 0.67 1.87
143.75 143.26 72.748 60.789 83.77 2.07 14.16
172.5 171.989 96.629 82.322 63.16 2.37 34.47
201.25 200.79 121.646 105.341 46.44 2.15 51.41
230 229.489 147.450 129.465 30.44 0 69.56
287.5 286.988 200.642 180.017 13.96 0 86.04
345 344.488 255.159 232.592 6.9 0 93.1
The characterisation of the secondary beam produced by the
interaction of the primary particles with shielding is achieved by
applying coincidence and anti-coincidence methods. Fig. 3 shows
a few typical spectra measured by diagnostic instruments. The
spectra were measured with a thin, cylindrically-shaped E detector
located 130 mm behind the shielding plane (beam focal plane). The
measurements are indicative of large c-ray production rate (the
signal due to c-rays dominates the secondary particle spectra).
The fraction of the incident electrons is reduced in the beam by
about two orders of magnitude.

The primary beam coincidence spectrum measured with a
DE�E plastic detector (telescope) is presented in Fig. 4a. The envel-
ope of both detectors is similar, but one cannot exclude some con-
tamination by electrons through the coincidence system of the
telescope, which would affect to some extent the magnitude of
the measured signals. In this measurement a telescope made of a
thin plastic (30 � 28 � 2 mm3) and a thick cylinder (Ø 28 mm,
30 mm thick) E-detector separated by 1 cm gap was used.

The same telescope was used to measure secondary particles
and c-rays behind the shielding. The system was set either for a
coincidence to measure charged particles or for anti-coincidence
for measurement of c-rays (Fig. 4b). The anti-coincidence events
are observed readily in the spectra. Nevertheless, the detections
were not 100% efficient and the measurements will further require
a careful modelling and improvements of the test setup to improve
the quantitative analysis of the beam composition. The coincidence
spectrum indicates that some primary electrons are transmitted
also through the shielding. The peak seen around 7 MeV corre-
sponds to the energy loss of such relativistic electrons in the
(30 mm thick) plastic cylinder.

3.1.2. Primary and secondary beam profiles
The spatial beam intensity (flux) profiles were measured by the

beam scanner with a small (Ø 5 mm) plastic scintillator detector.
The measurements were conducted both at the beam focal plane
and about 130 mm behind it, while the shielding was inserted at
the focal plane location. Vertical and horizontal scans of the beam
profiles were performed in the beam momenta range from
17 MeV/c to 345 MeV/c. All recorded profiles were fitted with a
Gauss-function to determine a beam waist (FWHM) and centre
position for both directions. A scintillator detector inserted in the
beam centre measured the maximal beam flux. The beam parame-
ters derived from both measurements for the whole range of the
applied beam momenta are presented in Fig. 5.

The measurements show that the position of the beam centre
varied to some extent but not significantly (Fig. 5a). At the beam
focal plane, the planar shape of the beam is close to ellipsoid and
the beam size (rx, ry) depends readily on the beam momentum
(Fig. 5b). For the measurements without shielding an increase of
the beam size for low beam momenta is attributed to increase of
the beam scattering cross section with the air. A significantly larger
beam size is measured approximately 130 mm behind the shield-
ing while the beam passes through the shielding material
(Fig. 5b). In this case, the beam broadening is caused mainly by
the interaction effects of the primary particles with the atoms in
the much denser shielding material. While traversing a medium
a charged particle undergoes many small-angle scatters and expe-
riences Coulomb scattering from nuclei. The net multiple-
scattering and displacement cause a beam broadening which are
described by the Gaussian distribution. The Molière theory yields
a detailed description of these effects [22]. Measurements of
non-Gaussian tails typically indicate less-frequent hard scatter
events. The width of the distribution is found to be inversely pro-
portional to the momentum, velocity, and charge of incident parti-
cle. It is also proportional to the thickness of the scattering material
[23,24]. The path of electrons is found from the analysis of the



Fig. 3. Primary and secondary spectra of particles for the primary beam momentum of 100 MeV/c. The spectrum shown in blue is accompanied by very small fraction of
primary gamma ray contamination (green). Secondary gamma rays (shown in black) measured behind the shield are the most dominant particle fraction. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Energy spectrum of electrons produced by primary electron beam with momentum equal to 115 MeV/c as measured in the E-detector of the telescope. (b) The
coincidence and anticoincidence spectra of secondary particles and c-rays behind the shield.
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beam profile to deviate from the straight line by 12.5� to 2.5� for
the beam momentum 57.5 and 345 MeV/c, respectively (Fig. 5).
Note that for beam momentum larger than 100 MeV the beam in
addition to e� contains also l� and p�.
The secondary beam fluxes (including transmitted primaries if
present) in the range of the applied beam momenta are presented
in Fig. 5c. For the beam momenta lower than 57.5 MeV/c, the sec-
ondary beam flux was too low to be detected and can be derived



Fig. 5. Characteristics of the particle beam including central position (a), the beam spread from Gaussian fit (b), and the beam flux at the centre (c) measured at beam focal
plane. The measurements with the radiation shielding were conducted 130 mm away from the focal plane after insertion of the radiation shielding at the beam focal plane
location.

M. Tulej et al. / Nuclear Instruments and Methods in Physics Research B 383 (2016) 21–37 27
only by the extrapolation methods from the data obtained for lar-
ger beam momenta.

The experimental beam calibration studies were accompanied
by the semi-quantitative modelling investigations of the interac-
tion of the primary beam with the shielding. They were conducted
to provide an understanding of the global properties of the
experimental setup (Fig. 6). A simplified version of the detector
system was implemented in the simulations. A large thin cylinder
located behind the shielding was used to simplify the computing
process. The beamline ion optics with traces representing the
transport of particles into the measurement area are shown in
Fig. 6. The analysis is performed by Monte Carlo simulation using
GEANT4 equipped with the G4BL packet. The modelling tools allow
also the generation and tracing of the secondary particles produced
Fig. 6. Beam line model with transport of electrons in the PiM1 test area. Large purp
represented as red cylinders. Green rectangular plate represent the radiation shielding us
green colour curves. Modelling results of the interaction of primary electrons with Al–Ta–
interpretation of the references to colour in this figure legend, the reader is referred to
by the interaction of the incident beam with the surrounding
materials. The analysis of the beam transmission through the
current setup shows that a small fraction of synchrotron c-rays
(green rays, Fig. 6) can be produced while the beam passes
through the last bending magnet. The beam focal plane and beam
geometry derived from the modelling are found to agree with the
results of the beam diagnostic measurements. The modelling
studies after insertion of the shielding indicate a large production
of c-rays in the shielding. These studies also show that the angular
spread of the generated c-rays is much larger than the straggling
of primary electrons (Fig. 6). More advanced, quantitative analyses
of the interaction of primary particles with the shielding
were performed for the measurements with the MCP detector in
Section 3.3.
le circle shows beam pipe exit and entrance windows. Quadrupole magnets are
ed in the present experiments. Electron trajectories are showed as red and c-rays as
Al shielding for c-rays (green traces) are angularly more spread than electrons. (For
the web version of this article.)
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3.2. MCP measurements of the radiation environment behind the
shielding

3.2.1. MCP measurements and MCP particle rates
Fig. 7 shows an example of MCP measurements of the signals

produced by the particle beam with the beam momentum of
115 MeV/c while passing the Al/Ta/Al shielding. The MCP detector
was inserted �32 mm behind the rear surface of the shielding
assembly (Fig. 2b). The MCP normal was arranged collinearly with
the beam axis. The incident beam crosses the shielding at 0� to the
plane normal axis. The uppermost panel a in Fig. 7 shows all mea-
sured MCP waveforms with the pulse amplitudes /V/ = 2.5 mV.
Smaller amplitudes have contributions from electrical noise [19].
The panels b and c of Fig. 7 display an averaged MCP pulse ampli-
tude and power spectrum, respectively, and this information is
used for the diagnostic purposes.

Simultaneously with the MCP measurements, 50 MHz
(T = 20 ns) synchrocyclotron waveforms are collected (Fig. 7, panel
e). The MCP signals are separated according to their time-of-arrival
at the detector with respect to synchrocyclotron waveform. Three
well-separated groups of MCP pulses can be identified in the his-
togram for the beam momenta larger than 115 MeV/c and be
assigned to electrons, muons, and pions. Because the distance from
the shielding to the MCP detector is relatively small (�32 mm),
there is practically no measurable time delay between the trans-
Fig. 7. Typical data set obtained for the MCP measurements of the radiation field genera
material. (a) waveforms with the MCP pulses; (b) the mean MCP pulse signal; (c) the
simultaneously with the MCP measurement; (e) the groups of pulses at times of arrival of
the phase of synchrocyclotron.
mitted primary and the produced secondary particles. Therefore,
each of the measured group of pulses contains both the primary
(if present) and the secondary particles registered by the detector
[21]. Because the MCP measurements cannot distinguish between
various particles, the beam diagnostic measurements and mod-
elling studies are employed to determine particle fractions for each
of the secondary particle beams.

The temporal distribution of the signals within each group in
the histogram can be fitted with a Gauss distribution (Fig. 7, panel
e). For the pulse (charge) height distribution analysis all pulses
within ±3 r temporal range were analysed. The signals measured
at other times were ascribed to the background radiation (scatter-
ing of secondary radiation from the structure, cosmic rays, envi-
ronmental radiation). The dependence of the background
radiation as a function of beam momentum is considered in Fig. 9.

Particle rates at the detector are determined from the charge
distribution which were fitted well to negative exponent [19].
The calculation of the actual particle rate measured by the MCP
detector is derived from the analysis of the charge distributions
for each of the groups of pulses in the histogram. Fig. 8 shows
the example of the pulse height and charge height distributions
derived from the measurements of the radiation field produced
by the incident beam with the momentum of 115 MeV/c. Here
log-representation is chosen and a linear fit to the experimental
data. Following the fit, the extrapolation to low amplitude/charge
ted by the interaction of primary e�, l� and p� beams with the radiation shielding
power spectrum of the MCP signals; (d) all synchrocyclotron waveforms recorded
incident e�, l� and p� beams obtained by synchronisation of measured pulses with



Fig. 8. Typical pulse (top panel) and charge height (bottom panel) distributions determined from the measurements of secondary radiation, which was produced by the
interaction of the primary electron beam (beam momentum of 115 MeV/c) with the shielding. The black bars represent the results obtained in the measurements. For peak
amplitudes smaller than /V/ = 2.5 mV, the number of events were derived from linear extrapolation.
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values can be made to derive finally the particle rate measured by
the MCP detector. The analysis procedure is discussed in more
detail, in our recent publication [19].

The primary particle rates expected at the active MCP detector
surface area and the MCP detection rates for all secondary particles
produced by the primary particles are presented in Fig. 9. The MCP
particle rates determined from the charge distribution are plotted
as background radiation since they do not correlate with the times-
of-arrival of the primary e�, l� and p�. The rate of these uncorre-
lated events increases with the beam momentum and overall
increase of the beam flux. Similar MCP background radiation rates
Fig. 9. Primary (incident) particle rates expected at the front MCP surface and particle ra
in the function of the beam momentum. Background count rates are the particle rates of a
diagnostic methods whereas the MCP rates were measured up to 345.5 MeV/c.
were measured in the experiment without shielding and are likely
caused by the interaction of secondary particles with the surround-
ing materials [19].

3.2.2. Transmission coefficients and MCP detection efficiencies at 0�
incidence angle

Using the radiation shield, the MCP detection efficiencies to the
radiation field produced by primary e� and p� as a function of
beam momentum are presented in Fig. 10a and b, respectively.
The effective MCP detection efficiency to secondary particles
caused by incident e� beam increases nearly linearly with the
tes measured by the MCP detector that are produced by primary (incident) particles
ll uncorrelated events. Primary l� fluxes were determined only up to 200 MeV/c by



Fig. 10. The effective MCP detection efficiencies and effective transmission coefficients to radiation environment generated by the primary particles e� (a) and (c),
respectively and p� (b) and (d), respectively. The error bars represent deviation from the mean values derived from 4 to 5 measurements at each applied beammomentum. In
panels (c) and (d), the attenuation coefficients derived from modelling studies (Section 3.3) are plotted for the comparison with the experimental data.
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increase of beam energy. For the lowest beam momentum the
effective detection efficiency is 0.005 (±0.003) and rises to about
0.15 (±0.04) for the largest applied beam momentum (345 MeV/
c). In contrast, the effective MCP detection efficiency to secondary
radiation produced by the p� is observed to be relatively constant
in the range of applied beam momenta and is close to �0.07
(±0,025) (Fig. 10b).

The effective MCP detection efficiency shown in Fig. 10a and b is
the combined detection efficiency to all particles present behind
the radiation shielding, including transmitted primaries and the
various secondary particles. In case of an incident electron beam
the secondary beam can contain e+, e�, and bremsstrahlung of var-
ious energies. For incident p�, the secondary particle flux behind
the radiation shielding consists mainly of transmitted primary
and secondary p� and e� of various energies. The transmission val-
ues are derived as defined by Eq. (2). The MCP incident beam rate
was calculated using the MCP detection efficiencies to primary e�

of 5.8% and for p� of 6.0% in the applied momenta range [18,19].
Fig. 10c and d display the transmission of the radiation shielding
for primary e� and p� beams separately, as a function of beam
momentum.

For the beam momenta lower than 130 MeV/c, the radiation
shielding material attenuates the incident electron beam. How-
ever, for larger beam momenta the transmission values become
larger than 1 because of the secondary radiation produced in the
radiation shielding, mostly the c-rays. For the incident p� beam,
the effective transmission of the radiation shielding is close to 1
within the applied beam momentum range.

Our results indicate that the applied shielding is efficient for the
attenuation of high-energy electrons for beam momenta lower
than 130 MeV/c. The beam transmission increases quasi-linearly
with the beam energy. An increase of c-ray production with an
increase of the beam momentum is likely responsible for the
apparent increase of the shielding transmission. This conclusion
is in a good agreement with the beam diagnostic studies that indi-
cated c fluxes almost 100 times larger than the e� fluxes behind
the radiation shielding (see Fig. 3). For the incident p� the applied
radiation shielding was relatively inefficient and the shielding
effect is only achieved due to a low detection efficiency to sec-
ondary particles.

The radiation lengths of the shielding materials applied in this
study are 166.9 and 5.4 g cm�2 for Ta and Al, respectively. The den-
sity of Ta allows to reduce significantly the flux of e� in the inves-
tigated beam momentum range. Further, for even lower beam
momenta the e� transmission is expected to decrease to negligible
level. Since 10 mm of Ta have a radiation length of 16.7 g cm�2,
60 MeV electrons can be fully stopped by the radiation shielding
[25]. The electron energy-loss depends on the value of the critical
energy, Ec, which is defined as the energy at which bremsstrahlung
rate is equal to the ionisation-loss rate. For Ta and Al materials, this
energy is close to �8 and �47 MeV, respectively. At energies well
below the critical energies, excitation and ionisation processes
dominate. Within the incident electron energy range applied in
this study, the energy-loss by radiation, bremsstrahlung, is the
main energy-loss channel and is accompanied by the production
of secondary e� and e+. The electrons lose their energy by brems-
strahlung nearly exponentially with travelling distance through
the material. For energies larger than 1 MeV Bremsstrahlung pho-
tons begin to produce e�/e+ pairs at some 9/7 X0 distance, where X0

[g cm�2] is radiation length. Radiation length is a measure of char-
acteristic amount of matter traversed for these related interactions
[23]. For increasingly larger electron energies, both, e� and c pho-
tons can contribute to e�/e+ shower production. The shower devel-
opment leads to a lower average energy per electron and
eventually also the photon energy becomes too low to continue
this process and the shower cascade ends. For photons with ener-
gies lower than 1 MeV, either Compton scattering or photoelectric
effect can occur. The latter process occurs in the keV energy range
and can contribute to the production of low energy electrons.

In the beam momentum range, the l� and p� particles are
losing energy mainly through electromagnetic interaction with
bound electrons either via excitation or ionisation processes [23].
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Ionisation becomes a dominant process at the energies exceeding
atomic binding energies. For both l� and p� particles the ionisa-
tion efficiency become minimal for beam momenta in the range
200–300 MeV/c [23]. Below this minimum, the energy-loss is
inversely proportional to particle velocity. Once the particle starts
to slow down in the material its energy-loss will increase until it
reaches the speed of electrons in the atoms. Then, the energy-
loss starts to decrease for particle energies lower than 1 MeV.
The energy-loss above the ionisation minimum increases slowly
and is comparable for all materials. Hence, for l� and p� in the
momenta range applied in the present studies, the excitation pro-
cesses including energetic knock-on electrons can be important in
the energy-loss and occur typically in single collisions [26][27].
The collisional energy-losses are well described by Bethe-Bloch
theory [28]. They are proportional to the electron density in the
material, atomic number Z, and inversely proportional to the speed
of the incident particle. The specific energy-loss of particles is a
function of its momentum and is proportional to the number of
electrons (Z) in the material and square of the particle charge.
For l� and p� the energy-loss by radiation is relatively unimpor-
tant in the range of energies applied in the current studies. In high
Z materials, the critical energy, Ec is reached at several hundreds of
GeV [29–31].
3.2.3. MCP particle rates and detection efficiency in the range of 0–
180�

The MCP particle rates and the effective MCP detection efficien-
cies to radiation environment produced by incident e� and p�

beams were investigated at various angles of the MCP surface with
respect to the direction of incident primary particle beam (see
Fig. 3b for the mechanism of MCP rotation). The MCP particle rates
for both incident e� and p� beams are plotted in Fig. 11a and b,
respectively. The rates determined from this study decrease with
an increase of the angle in the range of angles 0� to ±90�. The
MCP particle rates are largest for 0� and 180� and smallest (by
about 20%) at the MCP angles �90� and +90� for the beam
momenta larger than 75 MeV/c. To determine the effective MCP
Fig. 11. MCP particle rates (a) and (b) and effective detection efficiencies to the seconda
beam momenta. The MCP particle rates decrease more slowly than the effective primary
observed to increase with the angle increase.
detection efficiency, the primary particle rates were derived at
the effective MCP surface exposed to the direction of the incident
particles. Because the surface area changes as the cosine function
of the MCP angle, the effective MCP incident particle rate is
expected to decrease with the increase of the angle in the angle
range 0� to ±90�. At ±90� the cross-sectional area of the MCP plate
is applied (8 � 0.6 mm2). The effective MCP detection efficiency
determined at the various MCP angles for incident e� and p�

beams are plotted in Fig. 11c and d, respectively.
An increase of the effective detection efficiency with an increase

of the MCP angle indicates that in spite of the reduced incident par-
ticle rate, the MCP secondary particle rate does not decrease
accordingly. This can occur either due to an increase of secondary
particle rate and/or increase of the MCP detector sensitivity to radi-
ation environment. With an increase of the MCP angle, also the
effective MCP thickness increases as the function of sine of the
MCP angle; the MCP thickness rises from 0.6 mm at 0� to 8 mm
at ±90�. Hence, the cross-sectional particle incidence area is
enlarged resulting in a larger probability of particle interaction
with the MCP. For 0� and 180� incident angles, the effective thick-
ness of MCP is 1.2 mm (thickness of two MCP plates) and for 90
and �90�, the effective thickness increases to several mm (MCP
diameter is 8 mm), which can result in an increase of the MCP
detection efficiency. By increasing the MCP thickness the detection
of c-rays or e� also increases [32–34]. The analysis of these angle-
dependant effects requires more detailed modelling and experi-
mental studies.
3.3. Modelling studies of particle interaction with shielding: MCP setup

Detailed modelling studies of the interaction of high-energy (e�,
l�, p�) beams with Al (1 mm)–Ta (10 mm)–Al (1 mm) sandwich
and materials of the experimental setup (Figs. 2b and 12) were
conducted by GEANT4/GRAS modelling tools [35,36]. GEANT4
includes processes for tracking of particles in 3D volumes. The soft-
ware also includes a suite of physics models that deals with parti-
cle interaction with matter. GRAS is an application that contains
ry beam produced by e� (c) and p� (d), respectively, for various incident angles and
particle rates with the increase of angle. Hence, the effective detection efficiency is



Fig. 12. Secondary particle rate derived from the modelling studies at the front MCP surface positioned with the active surface perpendicular to the beam direction. Data are
given in Table 6.

Table 2
GRAS/GEANT4 calculated particles fluxes and fractions of different species at the MCP
location from the incident primary particles (e�, l� and p�). The fractions of the
incident beam, total flux and beam intensity determined in the diagnostic studies are
used in calculations as the input parameters.

Beam
momentum
[MeV/c]

Total flux at MCP location
[#particle/s*cm2]

Fraction of total flux at MCP
location [%]

e+ e� c l� p�

11.5 5.34E+02 0.1 14.8 85.1 0.0 0.0
17.25 1.62E+03 0.3 9.1 90.6 0.0 0.0
23 7.81E+03 0.5 6.5 93.0 0.0 0.0
28.75 7.62E+04 0.8 4.6 94.6 0.0 0.0
57.5 6.06E+05 1.3 4.4 94.4 0.0 0.0
86.25 2.22E+06 1.7 4.4 94.0 0.0 0.0
115 3.23E+06 2.0 4.8 93.2 0.0 0.0
143.75 4.57E+06 2.2 5.1 91.5 0.2 1.0
172.5 6.47E+06 2.3 5.3 88.5 0.4 3.6
230 5.53E+06 2.4 5.3 79.8 0.1 12.4
287.5 4.53E+06 2.1 5.0 67.4 0.2 25.3
345 3.95E+06 1.8 4.6 53.9 0.2 39.5

Table 3
GRAS/GEANT4 calculations of total flux of secondary products and their fractions at
MCP location. The flux of secondary products are derived using the results of
diagnostic studies as the input parameters.

Beam
momentum
[MeV/c]

Flux of secondary products
[particle/s*cm2]

Fraction of secondary
products at MCP location
[%]

e+ e� c l� p�

11.5 4.77E+02 0.1 4.5 95.3 0.0 0.0
17.25 1.53E+03 0.3 3.7 96.0 0.0 0.0
23 7.55E+03 0.5 3.3 96.2 0.0 0.0
28.75 7.50E+04 0.8 3.0 96.2 0.0 0.0
57.5 5.98E+05 1.3 3.1 95.6 0.0 0.0
86.25 2.19E+06 1.7 3.2 95.1 0.0 0.0
115 3.18E+06 2.0 3.4 94.6 0.0 0.0
143.75 4.44E+06 2.2 3.7 94.1 0.0 0.0
172.5 6.11E+06 2.4 3.9 93.6 0.0 0.0
230 4.76E+06 2.8 4.4 92.7 0.1 0.1
287.5 3.33E+06 2.9 5.1 91.6 0.2 0.2
345 2.36E+06 3.0 6.1 90.2 0.3 0.4
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different common analysis modules. These modules support the
definition of parameter, data generation and extraction of appro-
priate data in GEANT4. This means that the GRAS user does not
need to write dedicated software to make use of GEANT4 processes
and models.

The physical models include standard electromagnetic model
for analysis of ionisation, bremsstrahlung, Compton scattering,
photoelectric effect, and the QGSP_BERT_HP setup for hadronic
interactions such as elastic or inelastic scattering. GEANT4 has long
heritage in the high-energy community and has typical accuracy
better than 5%. The accuracy of the modelling results depends on
details of analysed geometry and the settings of parameters such
as production cuts. This typically defines the limits of secondary
production and thereby also the resolution of the simulation. The
production cut for the present modelling work was set to
0.01 mm, well within the needed resolution.

The geometry for this work is based on the 3D mechanical mod-
els of the real experimental setup [19]. Instead of detailed detector
assembly, a vacuum target sphere was placed in the location of the
MCP detector to calculate particle fluxes. The primary beams for
the simulations were constructed using the beam calibration data
(beam fluxes, beam geometrical parameters and particle fractions).

In the calculation, a mixed beam was applied for direct compar-
ison with the results of diagnostic methods. Tables 2 and 3 shows
the results of the calculation of particle fluxes and fractions of total
flux and of secondary particle flux. The l� and p� particles are pre-
sent in the secondary beam for the beam momenta larger than
115 MeV/c. The calculated beam fraction of total flux never
exceeds 0.2–0.4%; the pion fraction rises to �40% at the maximal
beam momentum applied in this study. The secondary l� and p�

fractions are found to be smaller than 1% of the total fraction of
secondary particles. At lowest beam momenta, the electron frac-
tion of total flux reaches �15% and production of c-rays decreases
to 85% (Table 2). The e+ fractions of secondary products increases
with an increase of the beam momentum from 0.1% for the lowest
beam momentum to �3% for the largest beam momentum. The
fraction of secondary e� is calculated to be 3%. It is found also rel-
atively constant in the applied beam momentum range. Only for



Table 5
GRAS/Geant4 calculations of the flux of secondary products and fraction of secondary
products by primary particles.

Beam momentum
[MeV/c]

Flux of secondary products
[particle/s*cm2]

Fraction of secondary
products byprimaries [%]

e� l� p�

11.5 4.77E+02 100 0 0
17.25 1.53E+03 100 0 0
23 7.55E+03 100 0 0
28.75 7.50E+04 100 0 0
57.5 5.98E+05 100 0 0
86.25 2.19E+06 100 0 0
115 3.18E+06 99.7 0.1 0.2
143.75 4.44E+06 99.2 0.0 0.8
172.5 6.11E+06 99.0 0.0 1.0
230 4.76E+06 97.0 0 3.0
287.5 3.33E+06 93.4 0 6.6
345 2.36E+06 88.4 0 11.6
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the lowest and largest beammomenta this value increases to 5–6%.
The e+ beam fraction of the secondary particle flux is observed to
rise gradually with the increase of the beam momentum from 0.1
to 3% whereas the electron fraction remains close to 3%. Only for
the lowest and highest beam momenta, electron fractions are lar-
ger and close to 4% and 5–6%, respectively. The c-ray flux fraction
is the largest (�90%) in the applied beam momenta range. The c-
ray fraction correlates well with the changes of the incident e�

fractions and increases gradually with the increase of the beam
momentum. Tables 2 and 3 shows the results of the calculation
of particle fluxes and fractions of total flux and of secondary parti-
cle flux.

The secondary products that reach the target sphere have their
origin mainly from the shielding. Nevertheless, also secondary par-
ticles originating from the rear window contribute to the flux at
the MCP location. This fraction of the total flux decreases from
about 17% for lowest beam momenta to about 5% for the largest
beam momentum (Table 4). The calculations show that for the
lowest beam momenta, up to 11% of the primary electrons pass
through the shielding. This value decreases to 1% for the beam
momentum of 115 MeV/c. For larger beam momenta fraction of
primary l� and p� start to increase. The fraction of secondary
products is larger than 90% for the beam momenta lower than
230 MeV/c. Above 230 MeV/c, the fractions of primary pions start
to increase and reach value of �41% for the largest applied beam
momentum (Table 4). Electron fraction of secondary products by
means of primary particles is the largest in the entire range of
the applied beam momentum (Table 5).

Table 5 shows that the electron fraction of the flux of the sec-
ondary products dominates considering the primary beams for
all investigated beam momenta. The contribution from the p� par-
ticles rise steadily with the beam momentum. The fraction of l� is
practically negligible. The fraction of secondary e� decreases,
mainly due to increase the p� fraction.

The modelling results agree well with the measurements
results by diagnostic methods (Figs. 4 and 14). The diagnostic
methods indicated large production of c-rays dominating the frac-
tions of all secondary particles. The calculations and beam diagnos-
tic measurements show that the c photon fraction is close to 95%
and form the largest fraction of the radiation effects produced by
the shielding. The secondary electrons and positrons contribute
only a few percent of the total beam flux behind the shielding.
The modelling studies indicate also that the fluxes of c-rays
increases with the beam momentum with the rate larger than sec-
ondary electron rate.
Table 4
GRAS/Geant4 calculation of the total flux at MCP, fraction of transmitted primary,
secondary and secondary origin from rear. The latter are produced by the interaction
of primary particles with surrounding materials, mostly behind the MCP detector.

Beam
momentum
[MeV/c]

Total flux at
MCP location
[#particles/
s*cm2]

Fraction of
transmitted
primaries

Fraction of
secondary
products

Fraction of
secondaries
originated from
rear window

11.5 5.34E+02 10.8% 89.2% 17.1%
17.25 1.62E+03 5.6% 94.4% 13.3%
23 7.81E+03 3.3% 96.7% 11.3%
28.75 7.62E+04 1.6% 98.4% 8.7%
57.5 6.06E+05 1.3% 98.7% 6.6%
86.25 2.22E+06 1.2% 98.8% 5.1%
115 3.23E+06 1.5% 98.5% 4.8%
143.75 4.57E+06 2.8% 97.2% 4.8%
172.5 6.47E+06 5.5% 94.5% 4.3%
230 5.53E+06 13.8% 86.2% 4.3%
287.5 4.53E+06 26.4% 73.6% 4.4%
345 3.95E+06 40.3% 59.7% 4.5%
Table 6 delivers a summary of particle rate at MCP surface at 0�
angle to the direction of incident primary beam and Fig. 12 dis-
plays the particle fluxes as a function of the beam momentum
expected at the MCP front plate.

For the direct comparison with the MCP results, the fluxes of
secondary products produced either by incident e� or p� particles
were calculated. The results of these calculations are shown in
Fig. 13. For e� incident beam, c-flux is observed to increase readily
with the increase of the beam momentum. It becomes larger than
the incident e-flux for the momenta larger than 50 MeV/c. Also sec-
ondary e� and e+ flux increases with the increase of the beam
momentum, but with lower rate. The fluxes of primary and sec-
ondary e� become comparable for the beam momenta
�350 MeV/c. For the incident p�, secondary p� are the largest frac-
tion of the radiation environment behind the radiation shielding.
Other particles, c-rays, e�, e+ and transmitted primary p� form
small fraction of the total flux of the secondary radiation. The rate
of secondary particle flux increase is observed to be similar with
the rate of increase of the primary p�.

The modelling studies provide means for the direct comparison
with the MCP experiment. In the following, we compare the effec-
tive beam transmission coefficients T (Pi) of the shielding to the
incident e� and p� beams, respectively, as defined by the Eq. (2)
(Section 2.4). The particle rates determined in the modelling stud-
ies have to be reduced to the MCP particle rates by applying the
detection efficiency of the MCP detector to relevant particles. To
derive the MCP-relevant particle rates, the modelling results for
the individual primary and secondary particles are multiplied by
MCP detection efficiencies to these particles. Because the MCP
detection efficiency to c-rays was not investigated yet by our
detector, we apply the value of this coefficient from the literature
reports as �2% [34,37,38]. For the calculation of the incident e�

and p�, respectively, their detection efficiencies published recently
were used [19]. In the calculation of the MCP secondary e� rates,
the MCP detection efficiency of 16% was used, assuming that the
largest fraction of the secondary e� will have energies in sub-
MeV energy range [18,19,39]. Fig. 14 compares both the modelling
and experimental attenuation coefficient curves. For the incident
e- beam the correlation is better if the MCP detection efficiency
to c photons is close to 1% rather than to 2% with the c-rays dom-
inating the flux at the MCP detector based on the GEANT4 calcula-
tions. Note that the energy distribution of secondary e� and e+ is
unknown, introducing an uncertainty in this analysis. The effective
transmission coefficients obtained from analysing modelling data
of the secondary particles produced by incident p� beam are close



Fig. 13. Comparison between fluxes of the incident e� (a) and p� (b) and secondary particle beams derived from the modelling studies. For incident e� beam the flux of g-rays
increases readily with increase of the beam momentum. For incident p�, the flux of secondary p� is the largest.

Fig. 14. Comparison between the effective transmission coefficients determined experimentally and derived from the modelling analysis. The results obtained by modelling
and measured by the MCP detector are found to be close to each other for the analysis of incidence e� (upper panel). More detailed comparison between the modelling and
experiment in low energy region is shown in the graph inserted in panel a. The analysis of both results for incident p� beam yield a discrepancy of about 30% between the
calculated and measured values of the effective transmission coefficients (lower panel).
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to one in the applied beam momentum range, which is about 30%
too low compared to the experimental data.

3.4. Key performance indicators

The ratio determined from the integral of the MCP detection
efficiency multiplied by the electron flux and the integral of the
electron flux at the Europa moon over the important electron
energy range from 20 keV–1 GeV is considered as the performance
parameter proposed in modelling study [40]. Here, we calculate the
suppression ratio coefficient, j, for the flux of penetrating radiation
taking into account our experimental data with their extrapolation
to lower and higher energy ranges, and the electron flux adopted
for the moon Europa:

j ¼
R 1GeV
20keV f ðEÞEuropa � gS=NSðEÞdE

R 1GeV
20keV f ðEÞEuropadE

ð3Þ



Table 6
Particle rate at MCP positioned with active surface perpendicular to the beam direction (@0.5026 cm2 cross-section (Ø 8 mm MCP).

Beam momentum [MeV/c] Rate at MCP location [#particles/s]

e+ e� c l� p� Total

11.5 0.342 39.8 228 0 0 268
17.25 2.41 74.2 739 0 0 816
23 18.6 255.0 3650 0 0 3930
28.75 295 1760 36,200 0 0 38,300
57.5 3830 13,400 288,000 0 0 305,000
86.25 18,400 48,700 1,050,000 0 0 1,110,000
115 32,000 77,900 1,510,000 783 5.69 1,620,000
143.75 49,900 117,000 2,100,000 5380 23,700 2,300,000
172.5 74,900 172,000 2,880,000 11,500 116,000 3,250,000
230 65,800 147,000 2,220,000 2600 344,000 2,780,000
287.5 48,800 115,000 1,530,000 3570 576,000 2,280,000
345 35,300 91,600 1,070,000 4050 784,000 1,980,000
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here f(E)Europa is the incident electron flux at the orbit close to
Europa (differential flux at Europa 2: worst case radiation scenario)
[41] and gS/NS is the effective detection efficiency of the MCP detec-
tor in the electron energy ranges within 20 keV–1 GeV as derived
from the experiments. For the determination of the g coefficient
for the entire energy range, a linear extrapolation is applied. Both
the differential electron flux and a reduced electron flux due to
the applied shielding expected at Europa in the function of electron
energy are shown in Fig. 15. The numerical integration of these
fluxes over the 20 keV–1 GeV energy range yields:
j � 6:8 � 10�3

For the reduced energy range from 100 keV to 1 GeV this value
is about 3% smaller. This value is larger by about factor of 5 com-
pared with the earlier modelling results by Desorgher
(j = 7�10�4, gc = 6%) [40]. That theoretical analysis considered a
radiation shielding similar to that applied in our investigations
but only calculated the transmission of primary electrons and the
generation of secondary c-rays. The suppression coefficient value
of 610�3 would be necessary to fulfill the scientific scope at
Europa.
Fig. 15. Flux at Europa environment and the predicted at the MCP
The experimental studies provide the attenuation of the radia-
tion shielding to the incident high-energy electrons. Unfortunately,
the high bremsstrahlung production that increases nearly linearly
with the incident electron beam produces additional background
radiation. Although the incident beam can be well attenuated for
electron beam momenta lower than 130 MeV, above this value
the shielding functions as the radiation environment amplifier.
By combining present shielding with other materials attenuating
the c-rays further improvements of the shielding attenuation per-
formance can be achieved. The scattering and absorption of c-rays
are related to the density and effective atomic numbers of the
material, knowledge of the mass attenuation coefficients is of pri-
mary importance. High Z, high density composites including bis-
muth, uranium or tungsten can offer superior attenuation of c-
rays [42]. Other solutions to improve the reduction of secondary
radiation behind the shielding would be tuning the (structural to
be removed) geometrical parameters (pitch, length and diameter
of the channels) of the MCPs [37] and their chemical composition
as for example using lead-free material having a lower sensitivity
to penetrating radiation [37].
active surface area while applying Al/Ta/Al radiation shielding.
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4. Conclusions

The experimental and modelling studies of the performance of
Al/Ta/Al material as a radiation shielding of the incident electron
beam were conducted in the momentum range 17–345 MeV using
beam diagnostic methods and MCP detector designed for the NIM
instrument on the JUICE mission. The studies provide the quantita-
tive analysis of the effective MCP detection efficiency to the sec-
ondary particles and values of the effective transmission
coefficients in the applied incident electron energy range. Although
the selected shielding provides considerable attenuation of the
high-energy electron beam, the produced secondary radiation by
the interaction with the radiation shielding material reduces the
initial attenuation effects. The largest fraction of the secondary
radiation is bremsstrahlung, high-energy c-rays whose production
rate increases nearly linearly with the increase of the incident elec-
tron energy. At the electron energy close to 130 MeV the effective
MCP particle rates of secondary radiation and incident electrons
are equal and shielding does not attenuate the incident beam
any more. For larger incident electron energies the shielding act
as the amplifier of the incident electron beam; the secondary radi-
ation rate become larger than that of the incident electron beam.
Nevertheless, the effective detection efficiency is low and reaches
about 0.17 (17%) for the maximal incident electron energy applied
in this study. The effective particle flux is predicted at the moon
Europa at its worse radiation scenario. The suppression coefficient
determined as the ratio of the integrated values of the effective flux
to flux expected at the Europa moon gives values about five times
larger than that derived from earlier modelling studies. By intro-
ducing high Z material to attenuate c-rays, further improvements
of the shielding attenuation performance can be made. Other
improvements are also possible by applying optimised MCP plate
geometrical parameters (channel pitch, length and diameter)
which are less sensitive to the secondary radiation. The experimen-
tal results confirm very well modelling predictions in the investi-
gated electron energy range within uncertainties considering the
MCP detection efficiency to c-rays or possible contribution from
the low energy secondary electron. Future studies of the MCP
detection efficiency to c-rays will clarify observed differences.
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