ESA'S TECHNOLOGY RESEARCH PROGRAMME SPACE ENVIRONMENTS AND EFFECTS MAJOR AXIS

TREND

Trapped Radiation Environment Model Development

Time Dependent Radiation-Belt Space Weather Modelling

ESA/TOS-EMA Contract No. 11711/95/NL/JG - CCN 1 to Work Order No. 3

Technical Note 2E

MIR/REM proton maps

M. Kruglanski and P. Biihler

(not complete)
B.I.LR.A.-1.A.S.B. D.E.R.T.S. P.S.I.
Avenue Circulaire 3 ONERA CERT BP 4025 Laboratory for Astrophysics
B-1180 Brussel F-31055 Toulouse cedex 4 CH-5232 Villigen
Belgium France Switzerland

ESA Technical Management: E.J. Daly (WMA)



MIR/REM Proton maps

This appendix describes the data processing of high-energy proton measurements obtained

aboard the Russian Mir space station by the Radiation Environment Monitor (REM) devel oped

by both Compagnie Industrielle Radioélectrique S.A. (CIR) and Paul Scherrer Institute (PSI).
The observations cover a period of time from November 1994 to November 1996. The data
processing presented here is based on data files provided by PSI in November 1997. The results
of this data processing include flux maps for different proton energies, a map of the proton spec-
trum rigidity and maps of the East-West flux ratio.

The REM detector and the flight parameters are described in the first section. The second sec-
tion is related to the binning of the MIR/REM measurements. The resulting maps are presented
in the third section.

We thank P. Buhler for providing the scientific data files and related documentation.

A.l1  Mission and detector description

The REM has been developed by PSI in collaboration with CIR in the frame of the Technology

Demonstration Programme of ESA. It has been designed to monitor the radiation environments
in a wide range of orbit. A first REM detector was aboard the space technology research vehicle
STRV-1B launched in June 94 into a geostationary transfer orbit. A second REM was shipped
to the Russian space station Mir in September 1994 as part of the EUROMIR-95 experiment.
The principal investigator of REM is A. Zehnder from PSI.

A.1.1 Orbit parameters

The Russian space station Mir is made of different modules, the first of which was launched in
February 1986. The Mir station orbits the Earth every 90 minutes on a nearly circular orbit at

52° inclination and 400 km altitude. The altitude os the station perigee and apogee fluctuates in
time as a function of the atmospheric drag and the inboard operations. The attitude of the Mir
station is approximately 3-axis stabilized, but its orientation can also change according to the
inboard operations.
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A.1.2 REM description

The technical information on the REM detector presented in this section is mainly collected
from two papers of Buhler et al. [A.1][A.2].
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Fig. A.l Cut view of thetwo REM sensors. From [A.1].

The REM detector includes of two independent sensors able to measure and accumulate the lin-
ear energy transfer (LET) of charged patrticles passing through. Each sensor consists of a totally
depleted silicon surface barrier detectors covered with a spherical dome. The main aperture of
both sensors is defined by an aluminium cone with an opening angle of £45°, mounted on top
of the silicon diodes. A cut view of the REM detector is shown in Fig. A.1. The thickness and
composition of the spherical domes, and the dimensions of the silicon diodes have been opti-
mized for particle discrimination and processable count rates. The main characteristics are sum-
marized in Table A.1. Both sensors have an aluminium shielding. The p-detector has an
additional shielding of tantalum to reduce the penetration of electrons in the energy range 1-10
MeV and to better monitor the proton radiation environment The backside of both sensors is
shielded by the detector housing and the spacecratft, i.e. the Mir station.

Table A.1 Main characteristic of the REM detector aboard the Mir station. From [A.1].

Sensor Sensitiveareaof  Thicknessof Dome thickness Electronthreshold Proton threshold

silicon diode silicondiode and material energy (MeV) energy (MeV)
(mm?) (Hm)
p-detector 150 330 3 mm Al 2.6 34.0
0.75 mm Ta
e-detector 25 267 0.71 mm Al 0.7 10.0

The charge pulses produced by particle passing through a silicon diode are measured by a
charge sensitive pre-amplifier linked to a 12-bit analog-to-digital convertisor (ADC). A pro-
grammable compression function reduces the ADC outputs into a 16-bin histograms. Each his-
togram bin, i.e. channel, corresponds to a given range of deposited energy. The mean energies
depositAE; per count for each channate listed in Table A.2. Note that the three first channel

of each sensor are contaminated with noise and can not be used.

A built-in pulser connected at the input of the pre-amplifiers allows to check in-flight for proper
functioning of the electronics and for dead-time determination. Data is successively accumulat-
ed during 31.9 seconds.

The response of the REM detector to incident particle fluxes is expressed by a geometric factor
G, (E, i) per channelfor each particle specikgp, e, ions) of enerdy average over all incident

TN2 MAY 6, 1998 VO



A.2 DATA PROCESSING 3

Table A.2 Mean energies deposit per count in the REM sensors (in keV).

Channel p-detector e-detector
01 <1.0 <13.0
02 16.5 285
03 93.0 105.0
04 185.0 196.5
05 246.5 2575
06 307.5 319.0
07 384.0 395.5
08 491.0 502.5
09 613.5 625.0
10 782.0 793.0
11 1074.5 1085.0
12 1825.0 1835.0
13 5390.0 5390.0
14 15295.0 15290.0
15 72100.0 72100.0
16 >100,000.0 >100,000.0

angles. The geometric factors were determined by Monte Carlo simulations and calibration ex-
periments with 45-300 MeV protons and 1-10 MeV electrons. The energy response of the REM
detector is determined by the dome shielding (lower energy cutoffs) and by the energy depend-
ence of the LET function. Note that the large opening angle of the sensors limits the energy res-
olution.

One should note that the count rates met by the REM detector aboard the Mir station are suffi-
ciently weak, so that the dead-time correction can be neglected. But, too weak to allow the trans-
formation of a single measurements into proton or electron fluxes. A such transformation can
only be performed on multiple measurements.

A.2  Dataprocessing

The MIR/REM data files provided PSI have been processed to build flux maps of the inner edge
(L < 2) of the trapped proton population. In order to make the data portable across various com-
puter platforms, the Common Data Format (CDF) developed by the National Space Science
Data Center (NSSDC) is used to store intermediate and final results. The CDF software is avail-
able viainternet oht t p: / / nssdc. gsf c. nasa. gov/ cdf / cdf _home. ht i .

A.21 Dataretrieva

The PSI data files consist of a set of 1254 CDF files for the period of time from November 1994
to November 1996. There exist two files per calendar day named “MAyymmdd.CDF” and
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Fig. A.2 Sample of ephemeris and dose data recorded by the MIR/REM experiment.

“MByymmdd.CDF”, respectively, where the six characters “yymmdd” refer to the day of ob-
servation (year, month, day). The “MAyymmdd.CDF” files contain the central time of the
measurements, the accumulation time, the count rate for each channel and the house keeping
data (temperatures, voltages, test pulser data). The “MByymmdd.CDF” files contain the GEI
cartesian coordinates of the Mir station, the pointing direction of the REM detector, and the
(B,L) values at the Mir location computed with the magnetic field models IGRF 95 [A.3] and
Tsyganenko 1989 [A.4] (Kp = 0).

The ephemeris and count rate data have been retrieved and processed per block of three months.
For each data point,

 the Mir location has been converted into geodetic altitude, latitude and longitude;
the detector orientation with respect of the local magnetic field has been deduced;

» the magnetic field intensity and thgparameter have been re-evaluated;

* the count rates have been filtered for suspicious data and transformed into counts;

* restrict dose rates have been calculated for each sensor.
The results have been stored in CDF files named “MIR_MO0_REM_yyyyQq_Vvv.CDF” where
the characters “yyyy”, “q” and “vv” refer to year, quarter and version number, respectively. The
different transformations have been make with the help of the version 1.13 of the UNILIB soft-
ware library [A.5]. The UNILIB software is available via internetlont p: / / www. mag-
net . oma. be/ hone/ uni |'i b/ honme. ht m

After geometric transformations, the look direction of the REM detector is characterized by a
pair of polar and azimuthal anglés, B) measured [A.6] in a coordinate system attached to the
local magnetic field line passing through the current Mir location. The coordinate system is such
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that the z-axis points in the direction of the magnetic field vector, and the x-axis points in the
direction of the normal to the magnetic field line. The angle B is associated to the East-West
asymmetry, and theangle a to the pitch angle of the detected particles. Note that our evaluation
of the Mcllwain’s parametdr [A.7] takes into account the value of

The restricted dose rates are calculated with the help of Table A.2 by the relation

D =% A (A1)

wherec; is the count rates in channednd the sum runs over the higher 13 channels of the
sensor since the three first channels of both REM sensors are contaminated by noise.

As a sample of the MIR/REM data is shown in Fig. A.2. The figure includes the geodetic lon-
gitude, latitude and altitude of the Mir station, the magnetic field intensity at this location, the
parametert anda,, , the azimuthal angBe  and the restricted dose rate beyond 0,71 mm of alu-
minium. Three successive crosses of the South Atlantic Anomaly region occurs during the 5
hours covered by Fig. A.2. In both cadess less than 2 and the magnetic field intensity is near

a minimum and3 is about zero. The higher peak corresponds to a dose rate about 0.8 mrad/s.

A.2.2 Databinning

The MIR/REM have been binned on a meslidnB, L, a,) . The number of bins for each di-
mension and the bin limits are given in Table A.3. The binningg) IS quite rough. In the
data reduction phase, only the bins for which

80<a <90 and- 1263 <-60 (A.2)
or 80<a<90 and 663 <120 (A.3)

will be taken into account. The two cases correspond to measurements associated to locally mir-
roring particles coming from the West or from the East, respectively. The other mgjn

are only present for checking purposes. The binnirgisiimited to values less than 2.dg

all the angles are covered by the binning. Note that the binning has not been applied to the three
first channels of both sensors since it has been proved that they are contaminated. The binning
results have been stored in CDF files named “MIR_M1_REM_yyyyQq_Vvv.CDF” with the
same naming convention. They include for each bin and for each channel

 the number of data points,

* the sum of the counts,

 the sum of the counts to the square.
To improve the statistic, one year files (named “MIR_M2_REM_yyyy Vvv.CDF*) have been
created by summation of the contents of four consecutive files.

The distribution of the MIR/REM measurements on(ines, L, a) mesh is illustrated on Figs.
A.3 and A.4 for the year 1995. In both figures, only the measurements corresponding to locally
mirroring particles §0<a <90 ) are take into account. In the left hand panel of Fig. A.3, the
number of measurements is shown as a functi@ of Lahkle last bin irL is not represented.

For smallL values, the most populated bins are the bins which satisfy Egs. (A.2) or (A.3). For
larger value ot, the distribution in azimuthal angle is more homogene. The distribution of the
measurements as a functionfof  and is shown on the right hand panel of Fig. A.3. There is
a poor coverage in the equatorial regiop (190 ) due to the low altitude of the Mir orbit. More-

TN2 MAY 6, 1998 VO



6 MIR/REM PROTON MAPS

Table A.3 Binlimitsused for the MIR/REM data binning

Variable = Number of bins Bin limits
a 3 0, 60, 80, 90
B 6 -180, -120, -60, 0, 60, 120, 180
L 22 0.975, 1.025, 1.075,..., 1.975, 2.025, 5
oy 18 0,75, 125, 175,...,87.5, 90
(e,
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Fig. A.3 Distribution of the MIR/REM measurementsin the (3, L) and (B, a;) spaces.

Fig. A4 Distribution of the MIR/REM measurements in the (L, o) space and sample of count
measurements average over one year data.

over, the binswhich satisfy Egs. (A.2) or (A.3) are more popul ated for small values of the equa-
torial pitch angle, i.e. near or inside the loss cone.
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A.2 DATA PROCESSING 7

The left panel of Fig. A.4 shows the distribution of the MIR/REM measurements as a function
of L and a,. Thedifferent binsare clearly not equally populated by the measurements. This par-
ticular distribution is due to the Mir orbit and to the restriction on the local pitch angle. Since
the particles which are mirroring above the Mir altitude can not be observed, particles with a
large equatorial pitch angle can only be observed at very low L values (L < 1.2). At larger L,
only particles with a small equatorial pitch angle, i.e. near the loss cone, can be observed. On
the other hand, since only the locally mirroring particle are take into account, particles with a
small equatorial pitch angle are not observed in the low L region. To better illustrate the distri-
bution of the MIR/REM measurements, the average of the counts for the channel PO5 when
—120 <3 <—60 isshown on theright panel of Fig. A.4 asafunction of L and a,. The channel
P05 contains detections of protons with incident energies above 200 MeV. It appears clearly
from the figure that only the most inner edge of the proton radiation belt is covered by the MIR/
REM measurements. The crosses indicates the bin of which there is less than 15 measurements
during 1995. Proton flux measurements are mainly located for o, vaues between 30 and 70
degrees and L values between 1.2 and 1.7. Outside this range, there is no measurements or the
proton flux is negligible. Nevertheless, the MIR/REM measurements are useful to study the
long-time fluctuation of theloss cone, the East-West asymmetry, and, the radiation environment
at atitudes of MIR[A.§].

Fig. A5 MIR/REM Observation of the East-West asymmetry

The potentiality of the MIR/REM database to study the East-West asymmetry isillustrated on
Fig. A.5. On the left hand panel of this figure, the East/West ratio of the counts in the channel
P05 is presented as a function of L and a,. The East and West directions are defined by Egs.
A.2and A.3, respectively. According to the theory [A.6], the East/West ratio is significant when
large variations of the counts with L are observed, e.g. a the most inner edge of the radiation
belt. In Fig. A.5, the East/West ratio is about 1, except in a small region were it increase by a
factor about 5. This region corresponds in Fig. A.4 where a gradient of the counts is present.
The right hand panel of Fig. A.5 shows the variation of the counts with B for the bin where
L 01.15 and a,080. The solid and dotted lines correspond to the average counts and the
number of measurements, respectively. The small ticks correspond to the mean value plus/mi-
nus one standard deviation. For this particular bin, the East/West ratio is about 4. Note that most
of the measurements correspond to values of the azimuthal angle near +90.
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8 MIR/REM PROTON MAPS

A.2.3 Field of view correction

Due to its field of view (£45°), the MIR/REM detector measures neither omnidirectional nor
directional fluxes. Since the proton flux is highly anisotropic at low altitudes, a simple rule of
three can not be used to transform observed flux into directional or omnidirectional data: the
data have to be deconvoluated. Nevertheless an angular deconvolution such as the one applied
by Heynderickx and Kruglanski [A.9] for EI88/AZUR, PET/SAMPEX and HEPS/UARS meas-
urements can not be used in the case of the MIR/REM measurements without several doubtful
assumptions. In order to determine directional data from the MIR/REM measurements without

a large set of assumptions, we limit our analysis to the measurements for which omnidirectional
data can be easily deduced. The method of Badhwar and Konradi [A.10] is then applied to trans-
form omnidirectional data into directional fluxes.

At low altitudes, almost all the observed protons are near their mirror points, i.e. in direction
with a local pitch angle near to 90°. Therefore, it can be reasonably assumed that the measure-
ments for whicl80 <a <90 corresponds to omnidirectional data with respect to the pitch angle.
This assumption will not be satisfied when the local value of the loss cone becomes larger than
30°. In order to take into account the East-West asymmetry of the proton fluxes, the data have
to be averaged over all the azimuthal direction. so, taking into account the field of view of the
detector, the MIR/REM measurements can be transform to omnidirectional counts by

omni 360 80<a <90
ag L = %’ X ECO(O,L DB (A.4)

where the counts @80 <a <90 are averaged over the bifs in . When the counts are reduced
into omnidirectional fluxes, the method of Badhwar and Konradi [A.10] can then be applied to
obtain directional fluxes. To this effect, the binned data has been to a mgsh jp which
includes per channel for each bin:

« the mean omnidirectional couaf™,

 the East-West count ratio, and, o

* the standard deviations of both values.
The 3-month binning results are stored in the CDF files “MIR_M3_REM_yyyyQq_Vvv.CDF”
with the same naming convention as the previous files

A.2.4 Datareduction (to be done!)

The count ratez;iomni measured by the MIR/REM detector are related to the omnidirectional

proton and electron fluxessp(fe ) and the geometric factors by [A.1]
™™ = [fo(E)Gp(E. 1)dE + [fo(E)G4(E, i)dE. (A.5)

When the particle energy spectra are approximated by step functions, Eg. (A.5) is reduced to the
resolution of a linear problem which is solved by a least square algorithm. For the MIR/REM
data, the proton and electrum spectra are defined with the help of 5 and 3 energy bins, respec-
tively. The energy ranges are given in Table A.4. The algorithm has been applied by PSI to con-
vert the mean omnidirectional counts and East-West count ratios into omnidirectional
differential proton fluxes and East-West flux ratios for the five energy range of Table A.4.

To be continued...

TN2 MAY 6, 1998 VO
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Table A.4 Ranges of the energy bins used to describe the proton and el ectron spectra

bin f f

p e
1 - MeV — MeV
2 — MeV - MeV
3 — MeV — MeV
4 - MeV
5 - MeV
Note for Paul
Let C and R be the mean count and the East-West count ratio. The “East” and “West” counts
are given by
= C (A.6)
[CV\] 1+R|q
and the relative errors by
-1
ACe/Cg| _ AR |RY ,AC A7)
Ac,/Cy 1*Rj 1| C

So it is possible to apply your algorithm to deduce omnidirectional differential fluxes, East-
West flux ratio, and to estimate an error for both values. The error is given by the sum of the
least square value with the sum of the standard deviations propagated trough the linear system

A.3  Fina flux maps
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Energy and spatial dependence of the east-west effect observed by
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Abstract

In the South Atlantic Anomaly the energetic proton fluxes are anisotropic. Fluxes from west are
higher than those from east. Using data from the Radiation Environment Monitor aboard the
Russian orbital station Mir, we determined the energy and spatial dependence of the west-east
proton flux ratio. We find the energy spectra of the east-fluxes to be softer than those from west,
and the effect to be a decreasing function of the L-shell parameter, which vanishes above

L =~ 1.7 Rg. Comparison with model calculations show that existing models used to describe the
anisotropy can not reproduce the observed characteristics.



1. Introduction

The LEO orbits are the preferred orbits for manned
space missions, like Mir, Space Shuttle, ISS. In such
an orbit an important contribution to the total radia-
tion dose occurs in the South Atlantic Anomaly, SAA
[Konradi et al., 1994; Badhwar et al., 1996; Biihler et
al., 1996] and is caused by the high energetic trapped
protons of the inner radiation belt. It is therefore of
vital interest to have accurate models of this particle
population.

A special feature of the SAA is the anisotropy of the
proton fluxes. The anisotropy is caused by the fact,
that at a given position trapped particles arriving
from different directions have their guiding centers
at different locations and therefore belong to differ-
ent drift-shells. This is true anywhere in the mag-
netosphere. But if the difference in guiding center
position is large compared to the scale length of the
spatial flux gradient then the locally observed flux dis-
tribution can be expected to be anisotropic [Lenchek
and Singer, 1962].

At low altitudes the trapped proton population is con-
trolled by the Earth’s atmospheric density and its al-
titude gradient, which leads to strong flux gradients
in the SAA. The difference in guiding center location
for particles arriving from opposite directions scales
with the gyro-radius. The gyro-radius depends on
the particle’s momentum p, and on the magnetic field
strength, B with 74, = p/(¢- B). The anisotropy is
therefore best observed with high momentum parti-
cles at low magnetic fields. The Russian orbital sta-
tion Mir encounters the minimum field strength of
approximately 0.2 Gauss in the SAA. There the gyro-
radius of 100 MeV protons is of the order of 100 km
and comparable in size with the scale length of the
flux gradients. It is therefore the proton fluxes in the
SAA for which the anisotropy can be best observed.

The effect is a function of energy and can also be ex-
pected to depend on the local magnetic field configu-
ration, thus to be a function of magnetic coordinates
B and L-shell parameter, L. The effect has been mea-
sured at selected locations and energies [Heckman
and Nakano, 1969; Konradi et al., 1994; Looper et
al., 1998; Biihler et al., 1998] and has been shown to
be important.

In this paper we investigate the spatial and energy
dependence of the difference in proton fluxes arriving
from magnetic east and west, in the SAA.

2. Observations and data analysis

2.1. Observations

For this analysis we used proton data from the Radia-
tion Environment Monitor, REM aboard Mir [Bihler
et al., 1996]. REM was mounted outside the Mir
space station and was working from November 1994
to November 1996. REM consists of two independent
shielded silicon detectors and measures the energy de-
posit of charged particles. Data was accumulated and
binned into 32 energy deposit bins with a temporal
resolution of 32 seconds. The shieldings of the detec-
tors consist of a thick aluminium cone and spherical
shields of aluminium and tantalum of > 0.19 g/cm?
for one of the detectors and and > 2.06 g/cm? for
the other detector. The lower proton energy thresh-
old is therefore around 10 MeV. Whereas the heavier
shield of one detector efficiently stops electrons of sev-
eral MeV, the lower energy threshold for electrons of
the less shielded detector is around 1 MeV.

The aluminium cone restricts the direct field of view
of the detectors to +£45°. REM was mounted at the
outside of Mir and was therefore very well shielded
from the backside by the space station.

Mir is in a practically circular Low Earth Orbit, LEO,
at an altitude of ~ 400 km, an inclination of 52°, and
a period of 90 minutes. It scans several times per day
through the SAA region, with varying orientation.

2.2. Data mapping

For each Mir-REM data point we determined the
satellite position § and the look direction of REM,
OrEM, for which the necessary information was pro-
vided by the Mir control center ENERGIA, and com-
puted the local magnetic field vector, é, and L-shell
parameter, L for locally mirroring particles with the
IGRF 95 magnetic field model.

We then selected data points in the inner radiation
belt (1.1 < L < 2.6) for which the cosine of the angle
between Grpy and magnetic east or west was larger
than 0.81, where magnetic east and west are defined
by —§A B and §A B, respectively. The two groups
of data, east and west, were then binned into B-L-
bins of 0.05 Rg and 0.001 Gauss. The histograms in
each bin were finally averaged over the entire mission.
In such a way we obtained temporally averaged B-L-
maps of REM histograms for east and west looking
REM orientations.

Figure 1 shows an extract of the such determined

Figure 1



maps at 1.3 < L < 1.35 Rg. In the large panel the
count rates of the heavier shielded detector (sum of
detector channels 4 and 5, representing > 200 MeV
protons) is plotted versus B. The asterisks show the
data with REM looking in magnetic west direction,
and the diamonds the data with REM looking in mag-
netic east direction. The dashed lines show the back-
ground corrected count rates. Over a large range of
B-values, which covers a flux range of more than two
orders of magnitude, the west-rates are significantly
higher than the east-rates . At large B-values the
two curves merge and flatten out. There the proton
fluxes are very low and the REM count rates are dom-
inated by electrons and cosmics. This part is used to
determine the background.

The two small panels show the relative count rate his-
tograms of the heavier shielded detector in a selected
B-bin (0.199 < B < 0.200 Gauss) for REM look-
ing west (upper panel) and REM looking east (lower
panel). The shapes of the histograms allow to qual-
itatively judge the energy spectrum of the incident
particles. Compared with the west-histograms, the
east-histograms are biased towards the higher chan-
nels, indicating the east spectra to be softer than the
west spectra. This indeed can be expected since the
high energy particles coming from east are members
of drift shells dipping on average deepest into the at-
mosphere which explains why the east fluxes are low
and their spectra soft.

2.3. Spectral information

The REM histograms can be used to deduce the in-
cident particle energy spectra. The count rate in de-
tector channel 4, ¢r; in units of 1/sec is related to
the incident differential particle spectra f(E), where
index k indicates the particle species, by

mi=Y [ nE) ainE o
k 0

fr(E) is given in units of 1/sec/em?/MeV and Gy (i, E)
is the energy, detector channel, and particle species
dependent geometric factor and is given in units of
em?. The geometric factors were determined by cal-
ibrations in a proton beam and betatron, and with
numerical simulations including a model for the mass
distribution of the space station [Ljungfelt, 1993; Ha-
jdas et al., 1993]. For the analysis of the REM data
in the SAA we assume only protons and electrons to
be relevant and neglect any other contribution to the
detections.
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In order to invert equation (1) the proton and elec-
tron spectra are parameterized. We approximated the
shape of the proton energy spectra by a power law,
fo(E) = fp(Epo) - (E/Ep)"™ with Epg = 30 MeV
and the shape of the electron spectra by an exponen-
tial function, fe(E) = fe(Eeo) - exp(—7e - (£ — Eeo))
with F.o = 1.0 MeV. The normalizations and spec-
tral indices are free parameters and are simultane-
ously determined by a numerical fit of the measured
detector count rates with equation (1). The method
yields good proton spectral characterization only in
B-L-bins where the proton fluxes contribute a non-
neglectable number of counts to the count rates. This
is the case at 1.1 < L < 2.2 Rg and the low B-values.

The left panel of figure 2 shows a grey-scale B-L-map
of the 100 MeV proton flux west-east ratio. Note,
that the white area below the grey shaded area is not
sampled by Mir, and that in the white area above, the
proton contribution is too small to allow the determi-
nation of proton spectral parameters with REM. The
right panel shows analogously the west-east ratio of
the proton spectral indices.

The east-west effect is clearly a function of L. The
flux ratio is largest at small L, continuously decreases
with increasing L, and becomes 1 above L ~ 1.7 Rg.
The same behavior is also found for the spectral index.
Below L ~ 1.7 R the east spectra are softer than the
west spectra, as indicated by the histograms shown in
figure 1, but the difference decreases with increasing
L. For a given L-bin there is no obvious magnetic
field dependence.

3. Comparison with models

In the following we compare the REM measurements
with two models of the east-west effect and especially
address the question whether the models are able to
describe the observed L-dependence.

3.1. Local model

Lenchek and Singer, 1962 argued that the flux gradi-
ents in the SAA are mainly caused by the interaction
of the particles with the upper atmosphere and that
the proton fluxes in first approximation could be di-
rectly related to the gyration averaged atmospheric
density. But since the atmospheric density is a func-
tion of altitude, the proton fluxes could be expressed
as function of altitude of their guiding centers.

The difference in altitude of the guiding center and



the point of observation, dh is given by
dh = rgyro(E)cos(I)sin(B) (2)

where I is the dip angle of the local magnetic field
line, and § is the azimuthal angle, with 8 = —90° is
east and B = +90° is west.

In the following it is assumed, as done by Lenchek
and Singer [1962], that the proton fluxes are inversely
proportional to the atmospheric density, putm at the
guiding center location. Then using different ap-
proaches for the altitude dependence of the atmo-
spheric density and equation (2), the west-east flux
ratio can be calculated. In table 1 two cases are
listed. Both models have a free parameter, which can
be computed by applying the formulas in the last col-
umn of table 1 to the data.

We have done that for the B-L-bins with the lowest
B-values at a given L. The results are presented in
figure 3 as function of L. The two uppermost pan-
els contain the proton flux normalization at 30 MeV
and the spectral power law indices, respectively. The
lines without dots are smoothed curves through the
data points. The following panels show the cosine of
the averaged magnetic field dip angle in the given B-
L-bin, the proton flux ratio, Hy, and n at 50 (bold
line), 100 (dotted line), and 200 MeV (dashed line),
respectively. The curves without dots in the three
lowermost panels show the results computed with the
smoothed curves of the two uppermost panels.

The resulting atmospheric scale height Hj increases
continuously from around 100 km at L = 1.1 Rg to
about 300 km at L = 1.6 Rg but then starts to at-
tain unreasonable values. This is a consequence of
the formula for Hy given in table 1. When the flux
ratio fyest/feast approaches the value 1, the denom-
inator becomes very small, and thus Hy grows infini-
tively. At lower L-values the Hy value compares not
too badly with the ~ 60 km found by Heckman and
Nakano [1963]. However, since Hy is thought to be a
characteristic quantity of the atmosphere there is no
obvious reason why it should depend on L. The same
is true for the altitude power law index n. However,
n has no singularity and is a smooth function of L.
Heckman and Nakano [1969] found n to be around 4
to 5, which is somewhat higher than our results. We
must remind here that REM has a rather large accep-
tance angle such that therefore the ’'true’ east-west
ratio can be expected to be higher than the values we
measure with REM. So the true’ Hy can be expected
to be smaller and the ’true’ n, larger than our results.
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If we assume Hy and n to be independent of L, the L-
dependence of the east-west effect must be given by
the L-dependence of dh, which, according to equa-
tion (2) is defined by the L-dependence of the mag-
netic dip angle I. In this case the east-west ratio can
reach the value 1 only where I = 90°, which however
is nowhere the case (see panel 4 of figure 3) in the
investigated region.

Although the Lenchek-Singer model of the east-west
effect may give reasonable results in selected areas,
it can not describe the observed L-dependence of the
east-west effect in a consistent way.

3.2. Generalized model

Kruglanski et al. [1998] assumed that the directional
proton flux at a given location, f(E,a,(3) is the per-
pendicular flux at the guiding center location and can
be written as

f(E,a,B) = fL(E,Bgc, Lac) (3)

where Bgc and Lgo are the magnetic field strength
and L-value at the guiding center location of the par-
ticles. « is the pitch angle and [ the azimuthal angle.
In order to avoid the calculation of Bgco and Lgo
they expanded the expression in equation (3) to first
order in L and in addition made the approximation
Bgo = B. The derived expression for the directional
proton flux is
ofL
f(E)ayﬁ)%fL(EaBaL)—'_ALa—L (4)
E,B

where AL = Lgo — L. They further derived an ana-
lytical expression for AL which only depends on local
quantities such that the directional proton flux can
be expressed as

f(BE,a,8) ~ fi(E,B,L)+ (5)
<7E2 + 2mOC2E> sing - %
qev/MBL-3 oL

with mg the proton rest mass, ¢ the proton charge,
and M the earth’s magnetic dipole moment.

E.B

With this approximation the west-east flux ratio for
locally mirroring particles can be expressed as

f(E,90°,90°)
f(Ea 9007 _900)
Besides some fundamental constants this relation con-

tains only local quantities, the perpendicular flux

fL(E,B, L) and its derivative %‘

fwest/feast = (6)

E,B

)



Equation (6) can be solved for BBLL* and using the

measured west-east flux ratios and f, (F,B,L) =
(fwest + feast)/2, % is determined. The result of
this computation is shown in figure 4. Like in fig-
ure 3, we show the results for the B-L-bins with the
lowest B value at a given L and plot them as func-
tion of L. The panels show (t.t.b) our estimate of
f1, the derivation of f,, and the derived % at 50
(bold line), 100 (dotted line), and 200 MeV (dashed
line), respectively. The smooth curves without dots
are computed with the smoothed spectral normaliza-
tion and power law index curves shown in the two
uppermost panels of figure 3.

Although the derivative of f; shown in the middle
panel is not taken at B = const we can use it for
qualitative comparisons with the derived BBLLL (this is

Ofp

justified by 7 B versus L curves calculated with

AP8 model fluxes, which show a similar L-dependence
as the curves shown in the middle panel of figure 4).
There are significant differences between the two sets
of curves. According to equations (5) and (6) the

. )
west-east ratio becomes 1 where B—Jz’ ‘ = 0 or where

f1 as function of L has a local maximum. The posi-
tions of the maxima of f; depend slightly on energy
but are around 1.4 to 1.5 Rg which is definitively
lower than the position where the measured west-east
ratio becomes 1.

The Kruglanski model takes the flux gradients along
L into account but neglects the gradients along B.
This approximation is only valid as long as dB =
Baowest — BGo,east 1s smaller than the scale length
of the flux gradients along B. Assuming, that the
east and west guiding centers are separated by a gyro-
diameter we find that for 200 MeV protons dB is a
function of L and decreases from around 0.02 Gauss
at L = 1.1 Rg to approximately 0.005 Gauss at
L =2 Rg. Figure 1 shows that these dB-values are
important compared to the scale length of the flux
gradients along B. The neglection of a dB term in
equation (4) may therefore not be justified in the rel-
evant B-L-area. These estimates show further that
dB is a decreasing function of L and therefore shows
the same trend as the west-east ratio. dL in contrary
increases with L, from around 0.2 Rg at L = 1.1 Rg
to below 0.1 Rg at L = 2 Rg This might indicate,
that the dB-term may even be dominating. It is in-
teresting to note, that dB and dL in a given L-bin are
practically independent of B and therefore the east-
west effect, in first approximation can be expected
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not to depend on B, which is in agreement with our
measurements (see figure 2).

4. Summary and conclusions

When comparing the presented measurements with
model calculations and other observations it must be
kept in mind that the presented measurements have
been made with a wide-angle instrument. As a con-
sequence the measured west-east ratios represent a
lower limit for the true values. This affects the ab-
solute values but not the qualitative characteristics,
like the energy and L-dependence.

The measurements show, that

e over a wide L and B range the proton fluxes ar-
riving from west are higher than the particle fluxes
coming from east

e the east-spectra are softer than the west-spectra

e the west-east ratio is a decreasing function of L and
becomes 1 above L ~ 1.7 Rg

Non of the three models tested here can describe the
observed L-dependence in a consistent way. They all
use approximations which, although giving good re-
sults at selected locations, may not be valid over a
larger area. The presented results may be used as a
guideline for the development of improved models.
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Figure 1. REM count rates, representing > 200 M eV protons, versus B at 1.3 < L < 1.35 Rg, for west (asterisks)
and east (diamonds) looking detector. The small panels show detector histograms at the lowest B-value for west
(upper panel) and east (lower panel) oriented detector. The bias to higher detector channels in the east-histogram
indicates a soft incident proton spectrum.

Figure 2. Grey-scale maps of the (left panel) 100 MeV proton flux west-east ratio and (right panel) spectral
powerlaw west-east ratio. The ratios are decreasing functions of L and become 1 above L &~ 1.7 Rpg.

Figure 3. Local model parameters as function of L. The two uppermost panels show the proton spectral normal-
isation at 30 MeV and the power law spectral indices for west (asterisks) and east (diamonds) looking detector.
The following panels show the west-east ratio, cosine of local magnetic field line dip angle, atmospheric scale height
Hy, and altitude power law index n at different energies. The curves show the values of the B-L-bins with the
lowest B-value encountered by Mir at a given L.

Figure 4. Generalized model parameters as function of L. The panels show (t.t.b.) the perpendicular proton flux

ofp
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f1, its derivative, and the model parameter
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Table 1. Atmospheric density - altitude relations and resulting west-east
proton flux ratios.

Atmospheric density model west-east ratio free parameter

Patm X fwest/feast =

(1)€Z’p(—h/H0) exp(dh/HOTZ HO = dh/ln(fwest/feast)
-n ho+dh /2 In(fwest/feast

) hg (hgfdhéz) ( St

" (R

M) [Lenchek and Singer, 1962]
®) [Heckman and Nakano, 1969]

12



	Appendix A MIR/REM Proton maps
	This appendix describes the data processing of high-energy proton measurements obtained aboard th...
	The REM detector and the flight parameters are described in the first section. The second section...
	We thank P. Bühler for providing the scientific data files and related documentation.
	A.1 Mission and detector description
	The REM has been developed by PSI in collaboration with CIR in the frame of the Technology Demons...
	A.1.1 Orbit parameters
	The Russian space station Mir is made of different modules, the first of which was launched in Fe...

	A.1.2 REM description
	The technical information on the REM detector presented in this section is mainly collected from ...
	Fig. A.1 Cut view of the two REM sensors. From [A.1].
	The REM detector includes of two independent sensors able to measure and accumulate the linear en...

	Table A.1 Main characteristic of the REM detector aboard the Mir station. From [A.1].
	Sensor
	Sensitive area of silicon diode (mm·)
	Thickness of silicon diode (µm)
	Dome thickness and material
	Electron threshold energy (MeV)
	Proton threshold energy (MeV)
	p-detector
	150
	330
	3 mm Al 0.75 mm Ta
	2.6
	34.0
	e-detector
	25
	267
	0.71 mm Al
	0.7
	10.0
	The charge pulses produced by particle passing through a silicon diode are measured by a charge s...

	Table A.2 Mean energies deposit per count in the REM sensors (in keV).
	Channel
	p-detector
	e-detector
	01
	<1.0
	<13.0
	02
	16.5
	28.5
	03
	93.0
	105.0
	04
	185.0
	196.5
	05
	246.5
	257.5
	06
	307.5
	319.0
	07
	384.0
	395.5
	08
	491.0
	502.5
	09
	613.5
	625.0
	10
	782.0
	793.0
	11
	1074.5
	1085.0
	12
	1825.0
	1835.0
	13
	5390.0
	5390.0
	14
	15295.0
	15290.0
	15
	72100.0
	72100.0
	16
	>100,000.0
	>100,000.0
	A built-in pulser connected at the input of the pre-amplifiers allows to check in-flight for prop...
	The response of the REM detector to incident particle fluxes is expressed by a geometric factor p...
	One should note that the count rates met by the REM detector aboard the Mir station are sufficien...



	A.2 Data processing
	The MIR/REM data files provided PSI have been processed to build flux maps of the inner edge (L <...
	A.2.1 Data retrieval
	The PSI data files consist of a set of 1254 CDF files for the period of time from November 1994 t...
	Fig. A.2 Sample of ephemeris and dose data recorded by the MIR/REM experiment.
	The ephemeris and count rate data have been retrieved and processed per block of three months. Fo...
	• the Mir location has been converted into geodetic altitude, latitude and longitude;
	• the detector orientation with respect of the local magnetic field has been deduced;
	• the magnetic field intensity and the L parameter have been re-evaluated;
	• the count rates have been filtered for suspicious data and transformed into counts;
	• restrict dose rates have been calculated for each sensor.
	The results have been stored in CDF files named “MIR_M0_REM_yyyyQq_Vvv.CDF” where the characters ...
	After geometric transformations, the look direction of the REM detector is characterized by a pai...
	The restricted dose rates are calculated with the help of Table A.2 by the relation

	(A.1)
	where is the count rates in channel i, and the sum runs over the higher 13 channels of the sensor...
	As a sample of the MIR/REM data is shown in Fig. A.2. The figure includes the geodetic longitude,...


	A.2.2 Data binning
	The MIR/REM have been binned on a mesh in . The number of bins for each dimension and the bin lim...
	(A.2)
	(A.3)
	will be taken into account. The two cases correspond to measurements associated to locally mirror...
	• the number of data points,
	• the sum of the counts,
	• the sum of the counts to the square.
	To improve the statistic, one year files (named “MIR_M2_REM_yyyy_Vvv.CDF“) have been created by s...

	Table A.3 Bin limits used for the MIR/REM data binning
	Variable
	Number of bins
	Bin limits
	3
	0, 60, 80, 90
	6
	-180, -120, -60, 0, 60, 120, 180
	L
	22
	0.975, 1.025, 1.075,..., 1.975, 2.025, 5
	18
	0, 7.5, 12.5, 17.5,..., 87.5, 90

	Fig. A.3 Distribution of the MIR/REM measurements in the and spaces.
	Fig. A.4 Distribution of the MIR/REM measurements in the space and sample of count measurements a...
	The distribution of the MIR/REM measurements on the mesh is illustrated on Figs. A.3 and A.4 for ...
	The left panel of Fig. A.4 shows the distribution of the MIR/REM measurements as a function of L ...

	Fig. A.5 MIR/REM Observation of the East-West asymmetry
	The potentiality of the MIR/REM database to study the East-West asymmetry is illustrated on Fig. ...


	A.2.3 Field of view correction
	Due to its field of view (±45˚), the MIR/REM detector measures neither omnidirectional nor direct...
	At low altitudes, almost all the observed protons are near their mirror points, i.e. in direction...
	(A.4)
	where the counts at are averaged over the bins in . When the counts are reduced into omnidirectio...
	• the mean omnidirectional count ,
	• the East-West count ratio, and,
	• the standard deviations of both values.
	The 3-month binning results are stored in the CDF files “MIR_M3_REM_yyyyQq_Vvv.CDF” with the same...


	A.2.4 Data reduction (to be done!)
	The count rates measured by the MIR/REM detector are related to the omnidirectional proton and el...
	.
	(A.5)
	Table A.4 Ranges of the energy bins used to describe the proton and electron spectra
	bin
	1
	– MeV
	– MeV
	2
	– MeV
	– MeV
	3
	– MeV
	– MeV
	4
	– MeV
	5
	– MeV
	When the particle energy spectra are approximated by step functions, Eq. (A.5) is reduced to the ...
	To be continued...

	Note for Paul
	Let C and R be the mean count and the East-West count ratio. The “East” and “West” counts are giv...
	(A.6)
	and the relative errors by

	(A.7)
	So it is possible to apply your algorithm to deduce omnidirectional differential fluxes, East- We...
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