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ABSTRACT

In October 2015, the Cosmic Particle Telescope (CPT-
SCOPE) instrument was flight-tested from Kiruna, Swe-
den, aboard the BEXUS 20 balloon. The technology
demonstrator was developed by Norwegian and German
students with the objective to detect energetic particles in
the mixed-field radiation environment of the tropo- and
stratosphere at Northern latitudes. Based on a stack of sil-
icon detectors and copper absorbers two redundant instru-
ments were built combining radiation-hard integrated cir-
cuits with COTS components in a hybrid approach. The
detector geometry was varied to expand the detectable
range of particles. Housekeeping data such as position,
temperatures and pressure were recorded. The science
data was obtained from individual triggers of four detec-
tors used in each instrument. The Pfotzer-Maximum was
recovered from altitude-dependent count rate data. This
paper outlines the final1 results with additional efforts
to recover coincidence triggers and discuss the obtained
data. The science data is compared to instrument sim-
ulations using FLUKA of the atmospheric radiation en-
vironment modelled by MAIRE. The CPT-SCOPE data
and instrument design is reviewed. The measurements
are compatible with the Belgium BEXUS 20 HACORD
instrument findings. We further elaborate lessons learnt,
and present the outcome of CPT-SCOPE outreach and
educational activities. The paper concludes with a de-
scription of follow-up developments targeting a minia-
ture, CubeSat-ready radiation monitor for space and ter-
restrial mixed-field applications.

Key words: REXUS/BEXUS, radiation monitor, particle
telescope, radiation-hard, VATA465, IDE3465.
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1. INTRODUCTION

1.1. Motivation

The study of primary and secondary cosmic rays in the
atmosphere and in space has been carried out over sev-
eral decades [1, 2]. Nevertheless this field remains an
active and dynamic research topic. Taking the space per-
spective it is important to follow the latest trend of highly
miniaturised consumer electronics. Traditional space-
rated electronics is of much older technology and usu-
ally larger, more expensive with less performance. The
available state-of-the-art electronics should be utilised in
space to serve emerging sectors involving nano- and pi-
cosatellites such as CubeSats [3]. These platforms have
a radically different and simplified philosophy as com-
pared to conventional larger satellites allowing for easier
and rapid design and lower overall cost but providing less
reliability.

Such inexpensive satellites may be used to build larger
constellations. One application for such would be a space
weather monitoring service in LEO with a few satellites
also placed in other orbits. A first serious step towards
space weather monitoring capabilities by CubeSats was
taken in 2012 when the CSSWE mission was launched
providing valuable scientific data to the community [4].
However, at present there are no standard compact radia-
tion monitoring devices available off the shelf for Cube-
Sats. Either these devices are too large e.g. SREM [5]
or NGRM [6], not yet fully space-qualified (HMRM),
have only a small number of channels (CSSWE) or are re-
stricted due to export regulations. This project is intended
to start a new design of a compact radiation monitor for
CubeSats. This is done along-side other on-going Euro-
pean activities such as the HMRM [7, 8]. In the present
approach an IDEAS rad-hard front-end integrated circuit
(IC) is used in combination with consumer electronics to
build a sufficiently miniaturised device capable of deliv-
ering valuable scientific data. Such device is becoming
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increasingly relevant for more sophisticated space infras-
tructure is build and plans of human space exploration be-
yond LEO are at hand. An ultra compact radiation moni-
tor may also be used for proposed interplanetary CubeSat
missions or personal dosimetry.

When looking at Earth the interaction of cosmic rays with
the atmosphere and its effect the our planet’s climate is
not well understood [1, 9, 10]. In particular the radiation
fields and dynamics in the stratosphere lack observational
data [11] and are subject to recent studies e.g. by the
BARREL team [12].

The CPT-SCOPE project started with a single-channel
lab prototype developed within a master thesis [13, 14].
This activity was a spin-off from the Norwegian NUTS
CubeSat project [15, 16]. Based on the initial single chan-
nel design a team of Norwegian and German students de-
veloped a four channel technology demonstrator which is
capable to withstand the harsh conditions associated with
a stratospheric balloon flight while being able to study the
particle precipitation in the tropo- and stratosphere.

The team was selected for the REXUS/BEXUS pro-
gramme [17] for a flight aboard BEXUS 20, a strato-
spheric balloon, along-side the Belgium HACORD (di-
rectivity of cosmic rays) and German COSPA (micro-
scopic particles) instruments. CPT-SCOPE is the first
Norwegian participation for BEXUS. Other radiation de-
tectors have flown previously aboard BEXUS or REXUS
mission such as PERDaix [18] or other instrument exam-
ples [19, 20, 21, 22]. One common atmospheric feature
studied by these missions concerning cosmic rays was the
Pfotzer maximum [1]. In regard to CPT-SCOPE the fo-
cus of the project was technology development and test-
ing while producing sound scientific data for cosmic rays
in the lower atmosphere.

1.2. Instrument Description

The instrument is capable of measuring subatomic par-
ticles with energies ranging orders of magnitude of
0.1 MeV to 100 MeV and low-energetic gamma rays of
10 keV to 100 keV. This is achieved with four epoxy-
covered, reversed-biased silicon detectors (First Sensor
X100-7 THD, 250 µm thickness, 1 cm2 active surface, bi-
asing voltage: 35 VDC) arranged in an absorber-sensor-
stack, also known as particle telescope. The sensors had
a p-readout i.e. positive charges were injected into the
front-end electronics.

Limited ability to determine the particle species and en-
ergy based on individual trigger patterns was planned.
However, this feature had to be removed due to resource
limitations. A trigger-based, as opposed to an analogue
readout, approach was utilised in order to allow for high-
count rates and reduced external hardware. The count
rates for each channel was recorded instead of more ad-
vanced pattern recognition. Redundancy was provided by
duplicating the hardware, running two devices indepen-
dently called CPT-A and CPT-B. Each instrument was

Figure 1. CPT-SCOPE main block diagram.

identical besides the used particle telescope geometry
which was optimised for different energy ranges. CPT-
A and CPT-B utilised 4 channels with each two triggers
(A and B) per channel at different threshold values.

The device implementation used mostly commercial off-
the-shelf (COTS) components to allow for rapid de-
velopment and low cost. These were combined with
specialised detector front-end electronics based on a
radiation-hard IDEAS VATA465 integrated circuit (IC)
[23, 24]. A custom power supply, reverse-bias generation
board and two interface cards were designed. The block
diagrams for the overall CPT-SCOPE and for the individ-
ual instruments CPT-A and CPT-B are shown in Fig. 1
and Fig. 2, respectively. CPT-SCOPE instruments CPT-
A and CPT-B were each connected to a BEXUS 28VDC
battery and the E-Link system for communication.

A FPGA was used as high-speed counter with a SPI in-
terface. The counter received and processed trigger sig-
nals from the VATA465 IC. A Numato Lab Mimas board
featuring a Xilinx Spartan-6 FPGA was used and pro-
grammed in VHDL. The science payload was configured
and readout by an on-board computer (OBC), a Rasp-
berry Pi model B+, running a Linux operating system
and storing data on a SD card. In addition to particle
count rates, telemetry data was collected by the OBC
and telemetry unit such as external pressure and temper-
ature at various locations and position information using
a commercial modules. Telemetry modules were read-
out using either I2C or serial interfaces. Care has been
taken to isolate and shield sensitive analogue electron-
ics such as the sensor head from noisy digital electronics
e.g. the OBC. Low-pass filtering has been employed on
all sensor-related power rails. The total power consump-
tion for CPT-SCOPE was 7 W. CPT-A and CPT-B (each
3.5 W) were powered from individual batteries and had
their own E-Link connection.

The OBC was running multiple threads of Python scripts
to control I/O operations, schedule and execute readouts
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Figure 2. CPT-SCOPE individual instrument system
block diagram.

Figure 3. CPT-SCOPE mounted inside the BEXUS 20
gondola. The black material is the thermal insulation and
the red labelled places are access points. Gaffer tape was
used to keep the insulation in place.

Figure 4. CPT-A (left, labelled) and CPT-B (right) with
exposed subsystems before assembly: A - OBC and in-
terface card 1, B - power supply, C - reverse-bias genera-
tion, D - particle telescopes, E - front-end electronics and
interface card 2, F - counter FPGA.

Figure 5. GPS flight path of BEXUS 20 recorded by the
CPT-A telemetry unit. Background map credit: Open-
StreetMap.

and configurations of subsystems as well as communicat-
ing with a ground station control and monitoring software
written in Python and Java. UDP was used for down-
streaming sensor and telemetry data. Every UDP packet
used a MD5 checksum to verify the packet integrity. Each
packet received a unique identifier and system timestamp.
The logging thread is controlled by a server thread. The
server thread receives commands via E-Link. The com-
mands are transferred with a self-written protocol based
on TCP. The device can also run autonomously.

The finished device had dimensions of 27.9 cm x 29.0 cm
x 32.2 cm (LxWxH, including mounting) and a total
weight of 4.1 kg. The mechanical structure was made
from aluminium sheets. Thermal insulation of approx.
1 cm thickness was used on all sides with the exception of
two openings for the particle telescopes, cables and other
access points. A picture of the final device mounted in-
side the gondola is shown in Fig. 3 while the opened CPT-
SCOPE instrument exposing CPT-A and CPT-B along
with labelled subsystems is provided in Fig. 4.

1.3. Flight Campaign

CPT-SCOPE was launched on October 10, 2015,
09:16:54 UTC from the European Space and Sounding



Rocket Range (ESRANGE) in Kiruna, Sweden (67.5◦ N,
20◦ E). The balloon was ascending for 1h 39m with
4.68 m/s till 28.2 km altitude. The float began around
10:54:35 UTC. Its duration was 2h 10min 5s and the float
ground range was 171 km at approx. 28 km altitude with
a slight decease towards the end. Cut-down occurred at
13:06:03 UTC. The ground was reached around 13:43:04
UTC over Finish territory. The mainly eastwards flight
track is shown in Fig. 5.

The ground station was receiving telemetry and science
data for the whole flight duration except the last 1,000 m
of descend. It was not necessary to change the readout
IC’s configuration. Therefore, only ping commands were
issued to the instruments to check the functionality of the
command connection periodically and retrieve near-real
time data. After the landing the instrument was running
for an additional 19h 54min 28s until the batteries were
empty. Hence, the total runtime of instrument CPT-A was
1d 1h 34min 45.41s and 1d 1h 31min 52.99s for CPT-B.

The instrument was returned to ESRANGE on Sunday,
October 11, 2015. The instrument remained mounted in
the gondola and was transported back from Finland by
truck after being airlifted to the next street using a heli-
copter. The gondola had a hard landing bending the alu-
minium frame. From the detailed GPS altitude data the
gondola has likely experienced at landing a rapid fall of
at least 10 m after impact and shortly after experienced
three more falls of at least 1 m each within a four minute
window. However, since no separate acceleration data
is available the exact events during the landing are not
clear. In addition, the gondola was transported loaded
sideways causing excessive mechanical stress on the in-
strument. This is important for our investigation into a
minor mechanical failure at the end of this paper.

2. RESULTS AND DISCUSSION

The OBC unit recorded data continuously for over 25
hours 30 minutes starting on October 10, 2015, at
07:53:15 UTC until the supply batteries were drained.
This resulted into 53489 and 53679 data packets for CPT-
A and CPT-B, respectively. Of these were valid 53477
(>99.9%) for CPT-A and 53568 (>99.7%) for CPT-B
and provided useful telemetry and science data. Each
packet contained a unique ID, system time, ambient pres-
sure, several temperature readings from in- and outside
the instrument, GPS location and time, test register read-
ings and the science data i.e. counter register values. The
period between packets was 1723 ms and 1732 ms for
CPT-A and CPT-B, respectively.

The data analysis was carried out using a Python 2.7
script in combination with libraries Numpy, Pandas and
Matplotlib. The system time of instrument CPT-B had to
be manually synchronised to the CPT-A GPS-time due to
a failure of the CPT-B GPS-receiver. The science data
was re-sampled using Pandas at 4 minute intervals to re-
duce noise by adding all events for the new time bins.

In the following paragraphs we will present the data and
subsystem status retrieved from the recovered instrument
CPT-A and CPT-B memories. The data correspondents
with the down-linked data (not shown) which was ob-
tained during the flight.

2.1. Technical Data

2.1.1. Subsystem Status

All subsystems have been found operational throughout
the flight for both CPT-A and CPT-B. Minor technical is-
sues were observed with the telemetry and on-board com-
puter unit. The FPGA module has always returned proper
test register values and was hence functioning properly
the entire time. No power cycling was observed from
the system indicating full functionality of the power sup-
ply. Science data was obtained pre-, during and post-
flight. Although the observed noise levels were high at
times for individual channels the overall function of the
sensor unit (science payload) was complete throughout
the entire run. The OBC reported stable core tempera-
ture, frequency and voltage (10 ◦C - 30 ◦C, 700 MHz,
1.2 V). Network communication through the E-Link sys-
tem was available throughout the flight and data was
recorded continuously. Nevertheless, a small number of
packets were lost or corrupted, and several others writ-
ten to memory delayed or duplicated likely due to inter-
nal buffering. This affected below 0.5% of all packets.
The GPS-receiver for CPT-B failed before flight already,
while unit CPT-A worked without any issue allowing for
precise timing and positional data.

No data is available after the instruments shut down on
October 11, 2015 at 09:37:24 UTC. When the instrument
was taken apart for inspection back at ESRANGE it was
observed that the aluminium cap protecting the sensitive
readout IC for CPT-B was loose and damaged several
wire-bonds. Due to the fact that CPT-B delivered proper
science data even after the landing the damage must
have occurred during the transport back to ESRANGE.
A failed M2.5 screw thread inside the aluminium cap
(not shown) in combination with the hard landing and
mechanical stress during back transport was identified as
cause of the failure.

2.1.2. Telemetry Data

The telemetry unit on both instruments functioned with-
out significant failure. Telemetry data included instru-
ment position and UTC time from GPS satellites, ambi-
ent pressure and several temperatures from the in- and
outside. Units CPT-A and CPT-B recorded 8 temperature
readings per cycle.

The temperature readings for CPT-A (top) and CPT-B
(bottom) are shown in Fig. 6 for the duration of the flight.



Figure 6. Temperature readings of CPT-A (top) and CPT-
B (bottom) shown for the flight of BEXUS 20. The tem-
perature range is from -60 ◦C to +30 ◦C (y-axis).

Internal temperatures: Note that the internal temper-
ature was always within a range of -15 ◦C and +25 ◦C
while external temperatures varied between approx. -
58 ◦C and +25 ◦C. Temperature sensitive components
such as the FPGA board where mounted close to compo-
nents with higher heat dissipation to allow for higher op-
erating temperatures. The placement of the external tem-
perature sensors was also important as the gondola slowly
rotated in and outside the sun causing variable heating.

External temperatures: The CPT-A ambient, external
temperature (right) and pressure (left) profile for the as-
cend phase is shown in Fig. 7. The altitude is inferred
from the GPS positional data collected by the telemetry
unit. The ambient temperature on the ground was approx.
-1 ◦C. The temperature decreased to -5 ◦C by the time an
altitude of 1.2 km was reached. The balloon flew then
through an inversion layer in the troposphere causing a
rise in temperature to +2.5 ◦C at 2.1 km. The tropopause
was reached at an altitude of 12.3 km with minimum
temperature of -58 ◦C. The temperature then increased
steadily within the stratosphere until the float altitude of
approx. 28 km was reached with initial temperatures of
-32 ◦C to -27 ◦C. The variation in the temperature is sus-
pected to be caused by a slow rotation of the gondola in
reference to the sun. The external sensor slowly started to
warm up to +10 ◦C before cut-down due to heat dissipa-
tion of the instruments and solar irradiation. This leads to
the suggestion that no thermal equilibrium was achieved,
likely due to too strong thermal insulation. However this
allowed to operate all components within tested tempera-
ture limits.

Pressure profile: The pressure profile (left) for the as-
cend of CPT-A as function of altitude is shown in Fig. 7.

Note the logarithmic scale for the pressure. The ground
temperature was -1 ◦C at an altitude of 322 m. The de-
crease in pressure follows approximately the expected ex-
ponential decrease over increasing altitude. However, the
effect of the varying external temperature is visible as
”bending” away from the idealised standard atmosphere
at constant temperature. The float altitude was around
28.2 km with external pressure of 11.9 mbar. The read-
ings of the pressure sensor were used in the determination
of the interaction depth X for the science data analysis
but not for altitude determination.

Altitude profile and positioning: The telemetry unit of
CPT-A was able to provide precise positioning data dur-
ing the BEXUS 20 flight and helped to understand what
happened during and after the landing. The altitude pro-
file for the flight is shown in Fig. 8, while the flight path
is shown projected onto a map in Fig. 5. The BEXUS 20
flight was already discussed above.

2.2. Science Data

At the heart of the CPT-SCOPE project was the develop-
ment of a compact radiation monitoring device capable
of measuring count rates for energetic subatomic parti-
cles in the energy range of several 100 keV to several
10 MeV. Each instrument hosted one particle telescope
consisting of each four silicon (Si) detectors stacked on
top of each other. While CPT-A had thin copper (Cu)
absorbers between the inner sensors, CPT-B had none.
Both instruments had the first sensor (D1) exposed fac-
ing the top towards the balloon. The thickness of the Cu
absorbers for CPT-A were 1.1 mm in front of the second
(D2) and third (D3) each and 2.0 mm before the last sen-
sor (D4). The sensor separation within the particle tele-
scope was approx. 4.0 mm. The particle telescopes were
mounted within a 6 mm thick Cu housing closing all sides
besides an opening for the PCBs and sensors facing the
top. This acted as shield against lower to medium ener-
getic particles. A rough estimate can be derived from tab-
ulated ranges of NIST’s estar, pstar and astar database
[25] yielding a minimum kinetic energy of approx. 8.5,
65 and 250 MeV for electrons, protons and alpha par-
ticles, respectively, to enter the shielding perpendicular
and not considering the external aluminium housing.

Due to variable performance of the individual channels
the threshold values of the readout IC were set to dif-
ferent values for each channel and A-/B-window trig-
ger. The following values were used for CPT-A: A0 =
30 (110 keV), A1 = 30, A2 = 43 (150 keV) and A3 = 50
(175 keV); B0 = 1 (290 keV), B1 = 1, B2 = 2 (330 keV)
and B3 = 2. While CPT-B was configured as follows: A0
= 30, A1 = 30, A2 = 30 and A3 = 30; B0 = 1, B1 = 1, B2
= 1 and B3 = 1. The bracket values indicate the minimum
energy deposited in the Si diode to trigger the VATA466
front-end electronics, operated in double-gain mode of its
high-gain channels, and assuming full charge transfer.

For every data packet the OBC requested from the FPGA
the value for each channel’s current counter value. This



Figure 7. Relevant meteorological flight data for the balloon ascend provided by CPT-A: Logarithmic plot (left) of the
ambient pressure over altitude. The external temperature profile (right) over altitude.

Figure 8. GPS altitude over UTC time for the BEXUS 20
flight.

data is available at relatively high time resolution of some
1.7 s. The readout device was automatically reconfigured
every 1,000 packets resulting in erroneous counter read-
outs. These values were easily removed thanks to their
repetitive nature as a first step. In the next step the pre-
vious counter value was subtracted in order to only deal
with new triggers instead of their cumulative number rel-
evant for dosimetry.

At the relatively high readout rate and small detector size
only a few triggers are expected per reading. In order to
increase the expected number of events, and therefore im-
proving the counting statistics, the raw counter increase
values were first summed for fixed time intervals of 240 s
using the resample() function of the Pandas library
in Python. This step does not influence the resulting data
analysis but enables to improve noise performance at the
cost of a lower temporal resolution, and to deal with miss-
ing data points or noise triggers.

In the last step the count rate is determined by dividing
the counter increase over the integration time in order to

obtain instrument count rates.

In order to display the data in a well-comparable manner
the interaction depth X was chosen instead of the alti-
tude. The interaction depth X , calculated from the ambi-
ent pressure p, is a measure of how much the air column
atop the instrument weights per unit area. This is directly
related with the number of possible interaction partners
an energetic particle encounters along its path towards the
ground. To first order it is assumed that all particles are
coming vertically i.e. perpendicular to the ground. In this
way the interaction depth X is easily evaluated as:

X =
p

g
.

The local2 acceleration due to gravity was used for
Kiruna, Sweden, namely g = gKiruna = 9.8227ms−2.
The value of X was approx. 1,000 g cm−2 on the ground
as compared to some 12 g cm−2 during the float phase, a
decrease by a factor of almost 100. The resulting instru-
ment count rates - in units of Hz cm−2 - are shown for
the sensor A-trigger (top) and B-trigger (bottom) in Fig.
10 for CPT-A (Cu absorber) and in Fig. 11 for CPT-B (no
absorber). Note that the threshold values for the chan-
nels was set to different values (see above). The scaling
for these figures is as follows: Interaction depth from 10
to 1,010 g cm−2 logarithmic scale for all graphs, and in-
strument count rate in the range of 0 to 2 Hz cm−2 and
0 to 1 Hz cm−2 (linear) for the A- (top) and B-trigger
(bottom) graphs, respectively.

The general picture is consistent with the expected be-
haviour [1]: The count rate is lowest but non-zero
at ground level (X = 1,000 g cm−2), less than
0.05 Hz cm−2 and 0.03 Hz cm−2 for A- and B-triggers
of CPT-A and CPT-B, respectively.

2Obtained from the Gravity Information System of PTB: http://
www.ptb.de/cartoweb3/SISproject.php.
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Figure 9. Increment of A-trigger counters for CPT-B (no absorbers) between consecutive packet readings as function
of time. The data has the periodic erroneous readings due to the device configuration already removed. However, the
original sampling rate and the full measurement duration of over 25 hours are shown. Clearly visible are the increased
triggers due to increased number of particles at higher altitude during the BEXUS 20 flight (approx. 9:00 and 14:00
UTC). Strong transient noise triggers are are also visible in particular at ascend and descend in channel A0. Note that
no significant change in the count rate is observed after landing indicating that the mechanical failure of the readout IC
housing occurred during recovery and transport back to ESRANGE.

Figure 10. Instrument count rate as function of interac-
tion depth X for CPT-A. The first graph shows the high-
gain channel A-triggers, while the second one displays
the B-triggers. Note that CPT-A has Cu absorbers be-
tween the inner sensors installed.

As the balloon climbs the count rate increases signif-
icantly until it reaches a broad maximum with 0.35-
0.75 Hz cm−2 (0.10-0.60 Hz cm−2) for the B-trigger
and 0.80-1.00 Hz cm−2 (0.90-1.10 Hz cm−2) for the A-
triggers of CPT-A (CPT-B) around an interaction depth
X ≈ 40 g cm−2 (equivalent to p = 39.3 mbar, 21.6 km
altitude). This likely constitutes the Pfotzer maximum
which is to be expected at an X < 100 g cm−2 [1].

With higher altitude i.e. lower interaction depth X
the count rate decreases but less pronounced to 0.30-
0.50 Hz cm−2 (0.10-0.40 Hz cm−2) for the B-trigger
and 0.60-0.80 Hz cm−2 (0.55-0.65 Hz cm−2) for the A-
triggers of CPT-A (CPT-B).

Note that the broad spreed is due to the different re-
sponse, threshold settings of the individual sensors and
their placement within the particle telescope. Further-
more, several transient trigger events are visible in par-
ticular for the A0 triggers of both CPT-A and CPT-B, and
in addition the A3 channel of the CPT-B. Such events
are also visible in the long-term raw data shown in Fig.
9. The nature of these events is unknown but are likely
caused within the instrument itself or due to pick-up from
external interference as such behaviour was previously
observed in the laboratory as well.

Further evaluation of the scientific data without detailed
simulations and calibration measurements are not possi-
ble. It should be noted that CPT-SCOPE is due to time
limitations a technology demonstrator and hence empha-
sis was placed on getting the detector system to work
without full pre-calibration. Nevertheless, all channels



Figure 11. Instrument count rate as function of interac-
tion depth X for CPT-B. The first graph shows the high-
gain channel A-triggers, while the second one displays
the B-triggers. Note that CPT-B has no absorbers in-
stalled.

produced scientific data and the overall shape of the mea-
sured instrument count rates follows the expected be-
haviour. The observed count rate graph is compatible
with the preliminary findings of the HACORD instrument
(data not shown), a Geiger-counter-based radiation de-
tector developed by Belgium students also flying aboard
BEXUS 20.

2.3. Particle Telescope Discussion

In order to resolve individual events, a particle telescope
uses multiple sensors in coincidence. During the BEXUS
20 flight the FPGA firmware was not ready to detect co-
incidence but only the number of particles for each sensor
was retrieved every 1.7 s. The sensors (D1, D2, D3, D4)
were stacked one after other with D1 being the first sen-
sor. If the same particle was detected by multiple sensors,
there must be a correlation between subsequent increased
counts of different sensors. Therefore if a particle is de-
tected by the i + 1th sensor Di+1 at time tj , the particle
count on the previous, ith sensor Di around the same time
should be higher than the particle count on Di 1.7 s later
at the time tj+1 if no event was detect by Di+1.

We analysed all measurements where Di+1 detected at
least one event at the time tj and no events at tj + 1 (1.7 s
later). For theses measurements we checked if Di had
more counts at the time tj than at time tj+1 (see column
”Dt > Dt+1” in Tab. 1 and 2). We also counted how
often the opposite happened (see column ”Dt < Dt+1”
in Tab. 1 and 2). Sensor Di detected also particles when
Di+1 was not hit. Therefore not every sensor detected ev-
ery particle. If a sensor detected a hit the probability that
another has been hit as well rises by 16% to 35% (see
”∆” column in Tab. 1 and 2). From this we deduce that
in these cases a particle entered from the top and pene-
trated the stack. However, a significant portion of events
also has an unexpected pattern in which not all subse-
quent sensors were hit. This may be caused by particles
entering through the outer shielding, gamma rays or tran-
sient noise triggers e.g. caused by external interference.

Table 1. Number of (un)correlated hits for CPT-A.
Dt > Dt+1 Dt < Dt+1 ∆

D2t > 0 554 469 18.1%
D3t > 0 555 469 18.3%
D4t > 0 589 507 16.2%

Table 2. Number of (un)correlated hits for CPT-B.
Dt > Dt+1 Dt < Dt+1 ∆

D2t > 0 566 484 16.9%
D3t > 0 527 416 26.7%
D4t > 0 522 386 35.2%

In regard to the particle telescope data one recognises the
limitation of using individual sensor-based count rates i.e.
a statistical- rather than event-based approach. With CPT-
A we observe the expected behaviour of increased count



rates for sensors closer to the opening i.e. less material
is available to slow down or absorb the incident particle
(Fig. 10). However, CPT-B shows a strange behaviour,
namely that count rates do not follow such pattern (Fig.
11). It is not clear as to why this happens. Post-flight ca-
bling and readout register order were checked and found
to be correct. Further efforts to better understand the
CPT-SCOPE data relied on simulating the particle tele-
scopes in FLUKA [26, 27], a Monte-Carlo simulation
package for particle transport and physics, and compar-
ing the measured atmospheric count rates with values ob-
tained from the MAIRE3 tool by RadMod Research Ltd.

We find through the MAIRE tool that at float (28.2 km)
the dominant particle species are protons, electrons and
gamma rays. A cut-off rigidity of 0.3 GV is obtained
for the Kp index during the flight of Kp = 2 - 3 us-
ing MAIRE with the GCR-ISO, IGRF 2000 and Tsy-
ganenko 89 model options. In the following we will
neglect other particle types due to their low expected
flux. Gamma rays may cause a hit in any of the de-
tectors without the need of another hit inside the detec-
tor stack. However, the utilised Si diodes are only ef-
fective in fully absorbing gammas of less than 50 keV.
For higher energies, Compton scattering or pair creation
in the active volume or any surrounding material con-
tributes. The gamma spectrum is falling off towards
higher energies with less than 10% integral flux at ener-
gies higher than 25 MeV. Electrons also have a falling
off spectrum with less than 10% integral flux at ener-
gies higher than 150 MeV. Lastly, protons for a broad
energy peak centred around several hundred MeV. Typ-
ical integral fluxes in the energy range of 0.1 MeV and
800 GeV are 1.45, 1.08 and 14.9 cm−2 s−1 for pro-
tons, electrons and gamma rays, respectively. In this way
gamma rays dominate the integral flux in the above, wide
energy range. However, the particle telescope will be in-
efficient such that it is expected to see a lower instrument
count rate due to gammas. Overall the instrument count
rates are on the order of 1 cm−2 s−1 which is similar to
the values for the proton and electron population to which
the device is most sensitive. Due to the small detector size
of 1 cm−2 and multiple detectors stacked a low geometric
factor is inevitable. This causes count rates to be lower
and in fact we assume that a significant contribution is
caused by higher energetic particles penetrating the outer
shielding. These may also explain the above findings that
most events may not show a hit in one or more detectors
that are closer to the entrance opening.

Within FLUKA (version: 2011.2c.6) the particle tele-
scope stack and outer shielding were build into a sim-
plified geometry using the FLAIR tool. For the parti-
cle transport simulation the PRECISIO physics default
in FLUKA was chosen. For each run 1 million, mono-
energetic primary particles were impinged onto the par-
ticle telescope stack, and their deposited energy for each
detector written into a histogram file using a custom rou-
tine by K. Røed (University of Oslo). We find that par-
ticles penetrate the sensor stack for defined threshold ki-

3MAIRE: http://radmod.co.uk/maire

netic energies. For the CPT-A instrument with Cu ab-
sorbers in place we find these to be at approx. 40, 60
and 80 MeV for protons, while for electrons at 4, 10 and
16 MeV. With no absorbers installed we find for CPT-
B these to be at approx. 30, 40 and 50 MeV for protons,
while for electrons at 2, 4 and 5 MeV. Particles with larger
energies behave similarly to minimum ionising particles
(MIPS) e.g. for protons starting around 150 MeV. These
particles deposit sufficient energy in all sensors to cause
a trigger. In conclusion, we find through FLUKA simula-
tions that for most protons and electrons that are expected
at floating altitude and obtained using the MAIRE tool no
particle energy or species distinction from each event can
be inferred due to the low energy thresholds inherent to
the existing design. These simulations would have been
extremely useful and necessary during the instrument de-
sign phase. Unfortunately, these were not possible due to
limited resources. On the upside, the count rates are thus
higher. Lastly, simulation of muons with 3 GeV kinetic
energy, that are typical and the dominant flux of cosmic
rays on ground level, indicate that about 20% of events
will deposit sufficient energy to trigger multiple sensors.
The measured rate on ground level is compatible with
reference values (data not shown). From the simulation
we can further exclude that the different threshold set-
tings for the triggers had a significant impact. This unfor-
tunately adds confusion about the measured instrument
count rates that not necessarily increased for detectors
closer to the entrance opening. Both CPT-A/-B are still
operational and may if the opportunity arises be tested in
a mono-energetic particle beam to clarify the issue.

3. EDUCATIONAL AND OUTREACH PRO-
GRAMME

Besides the technical and scientific objectives the CPT-
SCOPE project had also a strong outreach component.
Its main focus was on education with the development
of a secondary and high school curriculum by two sci-
ence teacher students in Norway. The program consisted
of two building blocks for the respective age group. The
first module was theoretical and the other practical in or-
der to engage students directly. The goal of both modules
was to motivate students for future studies within space
research or other natural sciences disciplines. Educa-
tional material for teachers was also created and comple-
mented with simple experiments such as floating weights
on helium-filled balloons or visualising radioactivity with
cloud chambers. Throughout the CPT-SCOPE school
programme four sets of educational materials for the use
in schools were developed. We also presented our mate-
rial to some 150 secondary school pupils in seven differ-
ent presentation at secondary schools in the Trondheim
region, Norway. In addition, talks were given at confer-
ences and science outreach days such as the Researcher’s
Night 2015 in Trondheim. Lastly, a web4 and Facebook
page (”CPTSCOPE-Team”) were maintained in English,
German and Norwegian.

4CPT-SCOPE web page: http://www.cpt-scope.com.

http://radmod.co.uk/maire
http://www.cpt-scope.com


4. OUTLOOK

Based on the experience made using an IDEAS VATA465
readout IC with CPT-SCOPE the development of a
CubeSat-ready radiation payload is the next step. The
instrument is called the Norwegian Radiation Monitor
(NORM). For NORM an updated particle telescope ge-
ometry and the latest IDEAS VATA466 readout IC model,
designed for the flight to Jupiter aboard the RADEM in-
strument [28] of the ESA JUICE mission, will be used.
It is easier to interface, providing better performance and
features such as built-in (anti-)coincidence counters. This
will allow for the development of a functioning proto-
type within the next two years. Such device may also be
useful towards operational space weather now- and fore-
casting, personal dosimeters for astronauts or for aircrews
and passengers on polar routes.

5. CONCLUSIONS

The CPT-SCOPE instrument was successfully flight-
tested aboard BEXUS 20. The two instruments CPT-A
and CPT-B functioned with minor issues. Both telemetry
and science data provided valuable information to deter-
mine the functionality of the compact radiation monitor-
ing technology demonstrator and towards future improve-
ment. The radiation monitoring payload was able to mea-
sure the instrument count rates due to particle precipita-
tion as function of altitude. A clear increase of the count
rate with altitude is visible from all radiation data aboard
both instruments and channels. The Pfotzer maximum is
visible peaking at some X = 40 g cm−2 (21.6 km alti-
tude). Additional analysis was carried out using FLUKA
simulations and the MAIRE tool. However, within the
available resource no further radiation data could be re-
trieved. It is important to fully calibrate the radiation data
and to carry out full simulations of the instrument design
early on. Transient noise triggers, in addition to other
minor issues in subsystems, have to be further investi-
gated. The CPT-SCOPE project was done within a short
life cycle of less than one year which provided valuable
experience. The first Norwegian participation within the
BEXUS programme was achieved and in collaboration
with German students the project was a big success and
important milestone towards our planned compact radia-
tion monitor, NORM, for nano- and picosatellites.
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