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ABSTRACT

Aims: The sounding rocket experiment REM-RED was developed to operate on board the REXUS-17 rocket in order to measure
the intensity of cosmic rays. The experiment was launched from the ESRANGE Space Center (68 °N, 21 °E) on the 17th of
March 2015 at the beginning of the most intense geomagnetic storm within the preceding 10 years. The experiment provided
the opportunity to measure the intensity of cosmic rays in the Polar Region up to an altitude of 88 km above sea level.
Methods: The experiment employed Geiger-Miiller (GM) counters oriented with their axes perpendicular to each other in order to
measure the cosmic ray intensity during the flight of the rocket. This measurement setup allowed performing direction-sensitive
measurements as well. During the ascent phase the rocket was spinning and hence stabilized along its longitudinal axis looking
close to the zenith direction. This phase of the flight was used for studying the direction dependence of the charged particle com-
ponent of the cosmic rays.

Results: In comparison with earlier, similar rocket experiments performed with GM tubes at lower geomagnetic latitudes, signif-
icantly higher cosmic radiation flux was measured above 50 km. A non-isotropic behavior was found below 50 km and described
in detail for the first time in the Polar Region. This behavior is in good agreement with the results of the TECHDOSE experiment

that used the same type of GM tubes on board the BEXUS-14 stratospheric balloon.
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1. Introduction

Among many other student projects, the European Space
Agency (ESA) Education Office announces a call for proposals
annually for the REXUS/BEXUS (Rocket and Balloon Exper-
iments for University Students) flights for university students.
The REXUS/BEXUS program allows students from universi-
ties and higher education colleges across Europe to carry out
scientific and technological experiments on research rockets
and balloons. Each year two sounding rockets (called REX-
US) are launched 145 km north of the Arctic Circle in Sweden,
carrying experiments designed and built by university student
teams. The launch site is located at 68 °N latitude and at
324 m above the sea level. The typical REXUS vehicle con-
sists of a one-stage Improved Orion motor (M112 Hawk)
and the payloads. Depending on the total experiment mass this
rocket can reach a maximum altitude of 90 km.?

The Hungarian student experiment REM-RED was
selected to take part in the REXUS-17/18 launch campaign.
The experiment flew on board the REXUS-17 sounding rocket.
The experiment used Geiger-Miiller (GM) tubes for the active
monitoring of the cosmic ray intensity (charged particles and
gamma photons). The main technical and scientific support
was given to the experiment team by the Centre for Energy
Research, Hungarian Academy of Sciences (MTA EK). The
measurement setup, first introduced in the TECHDOSE strato-
spheric balloon experiment (Zabori et al. 2013, 2015a, 2015b),

! http://www.rexusbexus.net
2 BuroLaunch, REXUS User Manual, RX_UserManual_v7-13_15,
Dec. 14, 2014.

provided the opportunity to characterize the direction depen-
dence of the cosmic ray intensity in the atmosphere up to
the maximum altitude of the REXUS-17, approximately
88 km above sea level.

REXUS-17 was launched on the 17th of March 2015 at
8:15 UTC from the ESRANGE Space Center at the beginning
of the most intense geomagnetic storm within the preceding
10 years.

2. Radiation environment during the flight of the
REXUS-17 rocket

Generally the incoming primary cosmic rays interact with the
Earth’s magnetosphere and the atmosphere providing a com-
plex radiation environment (Schaefer 1959). Cosmic ray fluxes
vary with geomagnetic latitude and solar activity. Protons, with
about 85% contribution, are the main constituent of cosmic
rays at the Earth’s orbit and they dominate the production of
secondary particles (Schaefer 1959; Grieder 2001). The
charged particle and photon flux in the atmosphere shows a
local maximum in the altitude range of about 15-26 km, called
Pfotzer Maximum (Pfotzer 1936), which corresponds to the
maximum of the secondary particle production. The Pfotzer
Maximum shows a significant change with the geomagnetic
latitude (Bazilevskaya et al. 2008). In the Polar Region, from
where the REXUS-17 rocket was launched, the expected value
is within the range between 20 and 26 km.

The directional behavior of cosmic rays at ground level is
well studied; however, no scientific data about the directionality
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Table 1. The main technical parameters of the GM tubes used.

GM tube type ZP1200 ZP1210
Supplier Centronic Centronic

Number of GM tubes in the experiment 2 4
Sensitive length (mm) 38 140
Sensitive diameter (mm) 15 20
Sensitive cross-area of one tube in the lateral direction (cm?) 6 28
Gamma dose rate range (mGy h™") 10732107 3 %x 1074-10"
Count rate at 107> mGy h™" using Cs-137 source (sensitivity) 28 110
Operating voltage (V) 500 500

Photon sensitivity ratio (ZP1200/ZP1210)

0.25

of the cosmic rays at higher altitudes up to approximately
200 km is available. Muons are the most significant component
of the cosmic rays on the ground. Most of them are produced
higher in the atmosphere, at around the Pfotzer Maximum
and reach the ground from the top (Grieder 2001). The angular
distribution of cosmic ray muons can be described with a cos?0
(0 is measured from the zenith) function, which means that the
zenith direction has an overall dominancy over the horizontal
directions at ground level (Grieder 2001).

The influence of solar activity on the cosmic ray flux has to
be also taken into account. During higher solar activity periods
the galactic cosmic ray flux decreases. Rocket experiments per-
formed in the past showed a difference between solar quiet and
solar active periods, which could be identified also at altitudes
where the REXUS-17 flew (Shafer 1963).

The magnetic field of the Earth influences the radiation
environment through the geomagnetic shielding effect of the
magnetosphere. At high latitudes, where the magnetic cut-off
rigidity R, is below 2 GV, the cut-off rigidity decreases signif-
icantly under disturbed geomagnetic conditions (Smart & Shea
2005). Nominally the cut-off rigidity at the ESRANGE base is
of the order of 0.1 GV in the case of quiet geomagnetic con-
ditions (Kp = 2; Smart et al. 2006).”

According to NOAA, during the period between the 15th
and the 19th of March 2015, the solar activity increased and
some regions of the Sun produced solar flares. The first event
was detected on the 16th at 10:58 UTC followed by a second
one on the 17th at 22:34 UTC. During the rest of the week sev-
eral C-class solar events were observed by the GOES satellites.*
In the energy range of 1-30 MeV, an increase in the solar pro-
ton flux was detected. In the case of the alpha particles, a three
order of magnitude increase was observed from the middle of
15th of March until the end of 18th of March in the energy
range of 1-20 MeV. The electron flux above 2 MeV showed
significant disturbances. Following the significant decrease of
the geomagnetic cut-off rigidities the solar energetic particles
may have reached the flight altitude range of the REXUS-17
rocket in the Polar Region; however taking into account the
energy threshold limits imposed by the shielding of the rocket
materials (see Table 2) it can be concluded that the solar ener-
getic particles were not measured by the experiment directly,
only the galactic cosmic rays were observed.

3 Equivalent to 5 MeV proton or 1 MeV alpha particles’ cut-off
energy.

* An overview of the GOES-R program was given by M. Greg at
the 94th Annual AMS Meeting and 10th Annual Symposium on
Future National Operational Environmental Satellite Systems,
February 4, 2014. Title: An Overview of the GOES-R Program
(http://www.goes-r.gov/downloads/AMS/2014/pres/02-04/03-Greg-
Mandt.pdf).

3. Methods and experiment description

The REM-RED experiment included two different types of
GM tubes: four pieces of type ZP1210 Centronic tubes with
high sensitivity for measuring purposes and two pieces of
type ZP1200 Centronic tubes with lower sensitivity for test-
ing purposes. The higher sensitivity ZP1210 type GM tubes
were duplicated for both orientations in order to decrease the
statistical uncertainty of the measurements. Although the
sensitivity in the case of the ZP1200 is very low, due to
its small dimensions and low weight (length: 50 mm, mass:
8 g), this type might be preferable for space applications.
Table 1 summarizes the main technical parameters of the
GM tubes used. Besides the GM tubes, the REM-RED
experiment employed accelerometers and several tempera-
ture, current, and voltage sensors for housekeeping
purposes.

Figure 1 shows the mechanical assembly, especially the
location and the orientation of the GM tubes inside the exper-
iment. At least two specimens of each GM tube type were used
and placed perpendicular to each other in order to provide
direction dependent measurements.

According to the theory of GM tubes an incoming pho-
ton produces secondary electrons (mostly Compton elec-
trons) predominantly in the wall of the GM tube, which
are counted by the tube. Therefore, in the case of photons
the directional sensitivity of GM tubes is close to uniform
in 4n. Charged particles moving along a straight line cross
directly the sensitive volume of the GM tube and produce
ionization mostly inside this volume. Therefore the entrance
window for a charged particle moving on a straight line is
the sensitive cross-area perpendicular to the velocity vector
of the charged particle.

Based on the geometry of the GM tubes the angular sensi-
tivity can be calculated both for the vertically and the horizon-
tally oriented tubes. Figure 2 indicates that the horizontally
oriented GM tubes are much more sensitive to the radiation
coming from the zenith than the vertically oriented ones due
to the different effective surfaces. However, direction depen-
dent measurements are possible only in the case of the charged
particles, since in the case of photons the angular distribution is
almost uniform.

For general characterization of the cosmic ray environment
measurement data provided by the four ZP1210 type GM tubes
were used with a total effective area of 86.8 cm?. The total
effective aluminum equivalent thickness of the shielding for
particles coming from the horizontal plane was 2 g cm 2
and for particles coming from the zenith direction about
4 g cm™? aluminum equivalent. The difference between the
effective thicknesses is due to the mechanical structure of
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Fig. 1. Exploded view of the REM-RED experiment and its location on board the REXUS-17 sounding rocket.
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Fig. 2. The effective surface of the vertically and horizontally oriented ZP1210 type GM tubes as a function of zenith angle assuming a 2w

isotropic angular particle distribution from the upper half space.

the rocket since above the REM-RED another experiment
module was located. The lowest energy thresholds for some
cosmic ray components that can reach the detectors are sum-

marized in Table 2.

According to Table 2 it can be assumed that the largest
contribution comes from gamma photons or high-energy

Table 2. The threshold energies of the REM-RED GM
measurements.
Component Lowest energy threshold
2 gem 2 Al 4gcem? Al
equivalent shielding  equivalent shielding

Photons* (keV) 10 25

Protons (MeV) 20 50

Alpha particles 130 200

MeV)

charged particles (mainly galactic cosmic rays), which means
that the difference in the shielding thickness can be almost
neglected. The corresponding cut-off energies are much lower
than these values, which means that the geomagnetic environ-

* Corresponding to 10th-value thickness.

ment or the disturbances had no significant influence on the
measured results.
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Fig. 3. The flight profile of the REXUS-17 sounding rocket (data provided by the Swedish Space Corporation (SSC)).

Table 3. The average count rates measured with the REM-RED GM tubes before the launch.

GM tube type ZP1210 ZP1200
Orientation Horizontal Vertical Horizontal Vertical
No. of GM tubes 2 2 1 1
Count rate on ground (s_'; 324 m above sea level) 1.30 £ 0.07 1.08 £ 0.07 0.23 + 0.02 0.18 £ 0.02
Total number of counts 1324 1095 116 91
Horizontal/vertical count rate ratio 1.21 £ 0.05 1.27 £0.18

4. Results

The total flight time of REXUS-17 was about 10 min from its
launch until its landing. The apogee was reached 144 s after
the lift-off at an altitude of 88 km (see the flight profile in
Fig. 3). The GM units of the REM-RED experiment were
switched on approximately 10 min before the launch and they
were switched off 300 s later to prevent them from being dam-
aged during the last phase of the reentry. The motor burned out
and separated 26 s after the lift-off. The rocket was spinning
around its central axis with an average rate of 4 Hz. The cen-
tral axis of the rocket was oriented for the lift-off 7° from the
zenith direction and it was stable until the apogee was reached.
The rocket landed 46 km away from ESRANGE.

The flight performance of the experiment was 100%;
almost all data were received by telecommunication during
the flight. The missing frames were recovered after the exper-
iment had been shipped back to the ESRANGE base and the
content of the on-board memory had been downloaded.

The time resolution of the GM-counter data was 1 s during
the flight, which means better altitude resolution at the top of
the trajectory and during the landing, when the velocity of the
rocket was lower (the altitude resolution in the worst case was
1.0 km) than during the ascent phase. After lift-off the orienta-
tion of the rocket was stable and looking almost into the zenith
direction until it reached the apogee. This phase of the flight
was used for direction dependent measurements (see
Sect. 4.2). During the reentry phase the rocket was no more

stabilized. However, its velocity was much lower; thus, this
phase was used for non-directional characterization of the radi-
ation environment with better statistics regarding altitude
resolution.

4.1. The qualification of the cosmic ray flux in the Polar Region
up to 88 km altitude

Before the launch of the rocket the REM-RED experiment was
operated on the surface in its launch position to obtain radia-
tion results on the surface with good statistics. The average
count rates for the horizontal and vertical GM tubes can be
found in Table 3. At around sea level, mostly muons, which
have well-known angular distribution (Grieder 2001), can be
detected. Our pre-flight measurement results shown in Table 3
are in line with the expectations.

Figure 4 shows the count rates measured with the higher
sensitivity tubes. The peak count rate (~60 s ') was reached
at 23.6 + 1.0 km. In the case of the ZP1200 measurement
results, the region above 50 km was also evaluated and pro-
vided an average count rate of 9.21 + 0.16 s~ ' (obtained from
two ZP1200 GM tube measurements).

4.2. The direction dependence of the cosmic radiation flux in the
Polar Region up to 88 km altitude

Our first study on a possible directional dependence of the cos-
mic radiation flux as a function of altitude was performed in

Al2-p4
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Fig. 4. Count rates measured with the ZP1210 GM tubes as a function of flight altitude during the flight of the REXUS-17 rocket (for better

visibility only every fifth data point is plotted).

2012 with a BEXUS (Balloon Experiments for University
Students) experiment called TECHDOSE. TECHDOSE flew
on board the BEXUS-14 balloon, which was launched on the
24th of September 2012 from the same launch area
(ESRANGE) as the REXUS-17 rocket (Zabori et al. 2013,
2015a, 2015b). The experiment used among several other radi-
ation instruments the same ZP1210 type GM tubes as the
REM-RED sounding rocket experiment. To monitor the direc-
tionality of the radiation environment a similar arrangement
was used as in the case of the REXUS flight. The maximum
floating altitude of the balloon was 28.6 km. The measured
GM profile can be seen in Figure 5 (Zabori et al. 2015b).
Below the altitude range of the Pfotzer Maximum the profile
is very similar to the one measured two years later during
the REXUS-17 flight. In the case of the balloon experiment,
the effective shielding in front of the GM tubes was the same,
however the results showed directional dependence. This
implies that the direction dependent profiles in the case of
the rocket flight cannot be the consequence of the different
shielding and thus the different levels of the secondary particle
production in the shielding material. In the case of the BEXUS
flight, the uncertainties of the measured GM data were rela-
tively low since 60 s integration time was used due to the rel-
atively low ascent velocity of the balloon (the maximum
velocity was 3.3 m s~ '). This meant ~ 2-3% relative error
in the count rates above 10 km altitude.

A similar but less significant direction dependence has
been already measured by Adams et al. (2011) using GM tubes
in balloon flights up to 25 km altitude in the frame of BASE
(Balloon Assisted Stratospheric Experiments). In their rocket
experiments, Shafer & Yarygin (1961) used a perpendicular
GM tube arrangement similar to that of TECHDOSE and
REM-RED; however, no direction dependent data were
reported.

BEXUS-14 and REXUS-17 flew at the same geomagnetic
latitude and the TECHDOSE and REM-RED experiments
employed the same type of GM tubes in a similar geometry.

This provided the possibility to extend the directional radiation
data measured by TECHDOSE with the REM-RED experi-
ment up to 88 km altitude. Figure 6 shows the direction depen-
dence of the measured count rates during the REXUS-17
rocket flight.

The results of the REXUS-17 REM-RED are shown in
Figure 6. All curves were smoothed over five data points.
We could measure similar directionality with the ZP1200 type
GM tubes as with the ZP1210 type GM tubes having higher
sensitivity. However, these data cannot be used for further data
evaluation due to the large uncertainties. Above 15 km altitude
5 s integration time was used. In order to have better statistics,
the ZP1210 type GM tubes were duplicated in each direction
providing double sensitive cross-area to detect the cosmic radi-
ation. The statistical uncertainties of the measured radiation
data above 15 km were ~4—5%, which was sufficient to draw
conclusions about the directionality of the cosmic radiation
flux above the Pfotzer Maximum. Since below 15 km, the
uncertainties in the measured data were larger than 5%, these
data points were not included in the data evaluation.

5. Discussion

The maximum count rates measured with the REM-RED
experiment were found at 23.6 £ 1.0 km altitude in agreement
with earlier reports (Bazilevskaya et al. 2008). The shape of
the measured GM tube count rate profile as a function of alti-
tude agrees well with the measurements performed by Van
Allen in 1947-1948 using V-2 and Aerobee rockets at lower
latitudes (41 °N) (Van Allen & Tatel 1948; Gangnes et al.
1949). In 1958 geophysical rocket measurements conducted
by Shafer & Yarygin (1961) provided a very similar profile
for the altitude dependence of the count rates. Above 50 km
the expected plateau was found with an average count rate
of 42.28 +0.35 s~ ! obtained from four ZP1210 GM tube
measurements.
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Fig. 5. The direction dependence of the count rates up to 28.6 km altitude measured by ZP1210 GM tubes oriented horizontally and vertically
in the BEXUS-14 stratospheric balloon flight. The dashed line indicates 10 km altitude, above this altitude the uncertainties of the ZP1210
values are 2—3% (Zébori et al. 2015b).
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Fig. 6. The direction dependence of the count rates measured by ZP1210 and ZP1200 type GM tubes in the REXUS-17 REM-RED
experiment. The uncertainties of the measured data estimated from 5 s integration time are indicated in the ZP1210 curves above 15 km with
vertical error bars. Only this region was used to draw conclusions about the directionality of the cosmic radiation flux. The dashed line
indicates the 15 km altitude; above this altitude the uncertainties of the ZP1210 values are 4-5%. Note that for the data evaluation the
duplicated ZP1210 GM tubes were used with duplicated sensitive volume normalized to the sensitive volume of one single tube in order to have
better comparison with the BEXUS GM profiles in Figure 5.
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Table 4. The altitude corresponding to the Pfotzer Maximum based on BEXUS-14 data.

Altitude of the Pfotzer maximum

For particles coming predominantly from the zenith direction

For particles coming predominantly from the horizontal directions

21.5 km £ 0.3 km
22.4 km £+ 0.3 km

The uncertainty of the altitude determination of the Pfotzer Maximum is inferred from the error of the Gaussian function fit to the measured
data, the vertical component of the maximum ascent velocity of the balloon, and the integration time of the GM tubes.

There is a well-known relationship in an isotropic flux dis-
tribution between the count rate N of a GM tube, the geometric
factor G, and the flux of the particles j:

N:G.j:0_5~7r2-a-l~(1+a/(2‘l))'j7 (1)

where / is the sensitive length, a is the sensitive diameter of
the GM tube, and j is the particle flux (Van Allen & Tatel
1948). Using this equation for the data measured in the pla-
teau region and neglecting the spurious background of the
GM tubes, the measured particle flux was found to be
0.245 £ 0.005 cm > s~ ' st~ ' It is significantly higher than
the 0.120 = 0.009 cm > s~ ' sr~' flux measured by Van
Allen & Tatel (1948) using the same formula as given above.
This can be attributed to the different geomagnetic latitudes
and thus to the difference in the cut-off rigidities. The flight
by Van Allen was carried out at significantly lower geomag-
netic latitude (41 °N) where the cut-off energy reduced the
flux of charged particles to a much greater extent. Addition-
ally it has to be noted that (1) is valid only in the case of an
isotropic flux; however, the calculations were made only for
the GM plateau regions, where the flux was observed to be
isotropic in the upper half space, thus the radiation flux
can be considered isotropic.

According to the GM tube results obtained in the frame of
the BEXUS-14 (10-28.6 km altitude range) and the REXUS-
17 (15-88 km altitude range) flights, the directional behavior
of the cosmic radiation flux in the Polar Region could be
described up to an altitude of 88 km. Below the altitude corre-
sponding to the Pfotzer Maximum, the radiation coming from
the zenith direction is dominant (+15% difference). This
behavior changes above the altitude of the Pfotzer Maximum
(—10% difference). The inferred direction dependence origi-
nates mainly from charged particles as the GM tubes have sig-
nificant directional sensitivity only for the charged particles.
Above 50 km the radiation intensity is almost constant and
no significant direction dependence could be observed up to
88 km.

The altitude of the measured Pfotzer Maximum shows
direction dependence as well. In the case of charged particles
coming from the zenith direction the Pfotzer Maximum is
about 1 km lower than for particles coming from the horizontal
plane (Table 4). This phenomenon could be seen in the mea-
sured data during the BEXUS-14 and the REXUS-17 flight
as well; however in the case of the REM-RED experiment,
the altitude determination of the Pfotzer Maximum had much
larger uncertainty due to the higher velocity of the REXUS
rocket. In Figure 4 the contribution from both the vertically
and the horizontally oriented ZP1210 GM tubes appears to
result in a widened peak in the plot due to the different Pfotzer
Maximum for the two orientations.

The REXUS rocket and the BEXUS balloon experiments
were carried out at the same high latitude location in the Polar
Region. The major difference was the uncertainty of the mea-
sured radiation data as a function of altitude, since the vertical
velocity of the rocket was much higher than that of the balloon.

6. Conclusion

The BEXUS-14 TECHDOSE stratospheric balloon and the
REXUS-17 REM-RED sounding rocket cosmic ray experi-
ments flew at a latitude of 68 °N in the Polar Region and up
to an altitude of 28.6 km in the case of the balloon and
88 km in the case of the rocket experiment in order to measure
the cosmic ray environment using GM tubes of different
sensitivities.

During the ascent phase the rocket was stabilized in its
launch orientation looking almost into the zenith direction.
This phase of the flight was used to evaluate the direction
dependence of the cosmic radiation flux. A significant direc-
tion dependence was found and characterized in more detail
for the first time in the Polar Region up to 88 km. Below the
altitude of the Pfotzer Maximum the radiation coming from
the zenith direction is dominant, which changes above the
Pfotzer Maximum until the radiation intensity stabilizes at
about 50 km altitude. Above 50 km no significant direction
dependence could be observed. Considering a 2r uniform par-
ticle distribution from the upper half space and using the same
GM nparticle flux calculation method which was introduced by
Van Allen, the detected particle flux above 50 km in the rocket

experiment was found to be 0.245 + 0.005 cm 2 s~ ' sr .

Below 50 km it can be assumed that the cosmic radiation
flux is non-isotropic mostly due to the charged particle compo-
nent. The results obtained during the BEXUS-14 balloon flight
using the same type of GM tubes showed the same direction
dependence as the rocket experiment up to the maximum alti-
tude of the balloon. Additionally it was found that the altitude
of the Pfotzer Maximum shows direction dependence as well.
In the case of charged particles coming from the zenith direc-
tion, the altitude of the Pfotzer Maximum was 1 km lower than
for particles coming from the horizontal directions.

In the future, it will be worth to study the directional behav-
ior of the cosmic ray flux in the atmosphere and the behavior of
the Pfotzer Maximum itself in more detail by performing sim-
ilar experiments at similar geomagnetic latitudes.
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