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Preface

The aim of the TREND-3 study was to update or replace existindels of the Earth’s trapped
radiation environment. To this effect, several satellagacbases have been acquired and anal-
ysed: the AZUR/EI-88, SAMPEX/PET, and UARS/PEM energetictpn data, and the CR-
RES/MEA and ISEE/WAPS electron data. From these data, #ewl,(ag) flux maps have
been constructed, which constitute the basis of the neypédpadiation models. The analysis
of the proton data sets is described in detail in TechnicaeNoof this study, while the CR-
RES/MEA and ISEE/WAPS analysis form the subject of Techricdes 2 and 3, respectively.

The second aspect of a trapped radiation model is its itettd in general, an orbit gener-
ator, so that for each orbital point the trapped radiatioreffucan be evaluated. ThiNl RAD
software suite provides such an interface. Up to now, it aolytained the standard NASA mod-
els AP-8 and AE-8. The new flux maps developed in this study teeen added toNI RAD,
so that all its subsidiary programs (estimation of missiosedand damage equivalent fluences
for solar cells) can use the fluxes and fluences predictedeogeiv models.

Besides the models developed in the framework of TREND-8,BBA-SEE1 (Vampola
1996) model and the CRRESPRO (Meffert & Gussenhoven 19ERRESELE (Brautigam
& Bell 1995) models have also been adapted to and integrateli RAD.

The interface between the orbit generator and the flux mapsics a module to calculate
the magnetic coordinate®( L), in which the flux maps are organised. In addition, in order t
study the feasability of using other coordinate systems {(Ba L) for organising trapped parti-
cle measurements, software had to be developed to derise toerdinates. These coordinates
are defined in terms of drift shell averages, so that driftlshecing had to be implemented
as well. The result of this programming effort is a new sofevhbrary containing a fully
developed set of routines for magnetic field line and driélktnacing.

Vil
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Introduction

This Technical Note describes the modifications to tiN RAD package resulting from the
TREND-3 study (WO 3 to ESA/JESTEC TRP Contract No. 11711/93)&), entitledRadia-
tion Environments of Astronomy Missions and LEO Missions.

Two types of modifications have been made to the existiIgRAD model suite:

1. the addition of new flux maps from five satellite data se@BUR/EI-88, SAMPEX/PET,
UARS/PEM, CRRES/MEA, and ISEE/WAPS, and the addition of B8A-SEE1, CR-
RESPRO, and CRRESELE models;

2. the development of a library of subroutines.

Implementation of new trapped particle models in UNIRAD

New flux maps from five satellite data sets have been addelit&RAD: AZUR/EI-88, SAM-
PEX/PET, UARS/PEM, CRRES/MEA, and ISEE/WAPS. The data aetstheir analysis have
been described in Technical Notes 2, 3, and 5.

Besides the models developed in the framework of TREND-8,EBA-SEE1 (Vampola
1996) model and the CRRESPRO (Meffert & Gussenhoven 19ERRESELE (Brautigam
& Bell 1995) models have also been adapted to and integrateili RAD.

In Chapter 1 of this Technical Note we describe the softwakekbped for converting flux
maps intoBLOCK DATA files, and the modifications fBREP to incorporate the new models.

The UNIRAD library

A library of subroutines has been developed to compute thgnete field vector, to trace
magnetic field lines and drift shells, and to average physjgcantities over a drift shell. This
new library is described in Chapter 2. Appendix A contain®mgilation of the HTML help
pages developed for the library.

The new library is an output of WP 3.2R. The aim of this WP wasaimbine various utility
subroutines to trace magnetic field lines (including fooingand mirror points), trace drift

Xi



Xii INTRODUCTION

shells (including the geographic locations of the lowestronipoint), compute adiabatic in-
variants, perform coordinate transformations, and irdtegphysical quantities over drift shells.
Note that various software packages (includihd RAD) contain implementations of (part of)
these functionalities, but are not always well documentedasily integrated with other pro-
grams.



Chapter 1

Implementation of new trapped particle
models inUNI RAD

1.1 TheUNI RAD program suite

TheUNI RAD suite of programs provides information about the radiatiovironment in an ar-
bitrary Earth orbit, predicting satellite exposures tatjohe fluxes, the resulting radiation dose,
and the resulting damage-equivalent fluences for soladegltadation calculations (Heynder-
ickx et al. 1996d).

From the orbit parameters, the system will generate a @et#iajectory, magnetic coordi-
nates, integral and differential proton and electron flesncloses for three shield geometries
in four detector materials, and solar cell degradationrmgtion, in both printed and graphical
form.

The UNI RAD package consists of the following programs:

e SAPRE: orbit generator which produces a data file used by the nexptwgrams in the
package;

e BLXTRA: calculates the geomagnetic coordingdtBsL) from the geographic coordinates
generated bysAPRE;

e TREP: determines the radiation flux for the geographic coordisgenerated b$APRE
from the NASA trapped radiation models AP-8 and AE-8 andmieitges the solar proton
flux over the mission. It produces a data file with the energcsp of trapped protons
and electrons and of solar protons;

e TREPPGS: calculates the trapped radiation flux for pairs(éf, L) or (B/B,, L) coor-
dinates interactively input by the user. It produces a déanith the energy spectra of
trapped protons and electrons;

e TREPAVE: averages the spectra generated B¥£P or TREPPCS for different orbits;
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SAPRE

BLXTRA TREP ANl SO

TREPAVE

| Particle
Spectra

!

SHI ELDOSE EQFRUX EQFRUXGA

Figure 1.1. Flow diagram ofUNI RAD

e ANl SO transforms the trapped proton omnidirectional integrat ffroduced by TREP
into unidirectional integral and differential fluxes, tagiinto account pitch angle and
azimuthal dependence. The user can define a set of lookidmsawith respect to a
satellite reference frame. The resulting fluxes are averager the orbit.

e ANl SOPGCS: provides the angular distribution (i.e. pitch angle andathal dependence)
of the unidirectional integral or differential flux at a givgeographic location.

e SHI ELDOSE: reads the energy spectra resulting froiREP, TREPAVE, or TREPPOS
and converts them to radiation dose-depth curves for @iffiesietector materials and sim-
ple shielding geometries;
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e EQFRUX: determines 1 MeV electron damage equivalent fluences fn@eMREP spectra
to evaluate degradation of Si solar cells;

e EQFRUXGA: idem asEQFRUX, but for GaAs solar cells;

e UNI RAD. PRQO a set of IDL routines to produce graphical output.

The flow diagram ofJNI RADis shown in Fig. 1.1.

1.2 The TREP program

TREP Calculates orbital radiation environment fluxes for a speafe trajectory generated by
SAPRE. It estimates fluxes of trapped particles in functiori Bf L) coordinates, and computes
solar proton event probabilities to estimate solar protoarftes. The output consists of:

1. the time dependent fluxes of trapped protons, solar psptord trapped electrons;
2. trajectory-averaged spectra for trapped protons arutrefes;

3. solar flare fluence spectra, taking into account geomegstaelding.

TREP accesses the NASA trapped particle models AP-8 (Sawyer &\I€176) and AE-8
(Vette 1991) at each orbital point contained in the commaerface file produced b$APRE.
The NASA trapped radiation models AP-8 and AE-8 are distatas tables of omnidirectional
fluxes in function of particle energff and(B/ By, L), where

_0.311653

By 3

(1.1)

The NASA models AP-8 and AE-8 are static models built withadabtained in the sixties
and seventies. There are two sets of models: AP-8 MAX and MAX for solar maximum
conditions, and AP-8 MIN and AE-8 MIN for solar minimum cotidns. Since these mod-
els were built with specific magnetic field models, the samgmatc field models should be
used to calculate theB /By, L) values that serve as input to AP-8 and AE-8. The appropriate
magnetic field models are: Jensen & Cain (1962) for AE-8 MIR-&MIN, and AE-8 MAX,

and GSFC 12/66 (Cain et al. 1967) updated to epoch 1970 foB MPRX (Heynderickx et al.
1996ab). Two coordinate paif#®, L) are written to the common interface fIRRQIECT. | NT,
corresponding to the field models used with the proton ancrele model, respectively.

The position of the SAA in the old magnetic field models to beduwith AP-8 and AE-
8 is different from its actual position due to the seculariatgzn on the geomagnetic field
(Fraser-Smith 1987). This has important effects on theiptied of trapped particle fluxes for
low altitude orbits. Therefore, a correction has been bnttt TREP: when theNAMELI ST
parameterSAARCT is set to 1 (the default value), a correction tetw(t) is added to the
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Table 1.1.List of the new flux models implemented in TREW.Is the number of submodels.

Name Particle Satellite Instrument Epoch N Reference
PAB97 Protons AZUR EI-88 1970 1 Technical Note 5
PSB97 Protons SAMPEX PET 1995 1 Technical Note 5
PUB97 Protons UARS PEM 1992 1 Technical Note 5
PCP94 Protons CRRES PROTEL 1991 2 Meffert &
Gussenhoven (1994)
ECS96 Electrons CRRES MEA 1991 1 Vampola (1996)
ECM97 Electrons CRRES MEA 1991 5 Technical Note 2
EIM97 Electrons ISEE WAPS 1979 5 Technical Note 1
ECP95 Electrons CRRES HEEF 1991 8 Brautigam &
Bell (1995)

geodetic longitude before the calculation (@, L) (the actual value of the longitude on the
interface file is not changed):

Ap(t) = 0.3° (t — EPOCH) . (1.2)

wheret is the orbit epoch as written in the header of the commonfaxter andEPOCH is the
epoch of the geomagnetic field model. This correction is edade for the new trapped particle
models. The new models were constructed with the IGRF magieid model for the epoch
of the observations and external magnetic field models ®mtlbdels that extend beyond the
inner radiation belt.

1.3 New trapped particle models

Several new proton and electron models have been developed dhe TREND-3 study. They

are listed in Table 1.1, with their epoch and number of suletsodThe models are described
in the references given in Table 1.1. The ESA-SEE1 modelldped by Vampola (1996) has

been implemented as well as the CRRESPRO (Meffert & GussenhiP94) and CRRESELE

(Brautigam & Bell 1995) models developed by Phillips Laliorg

The naming convention for the new models is as follows:

1. the first character of the name indicates whether it is eopr@) or an electron (E) model;

2. the second character identifies the spacecraft whicleatetl the data (‘A" stands for
AZUR, ‘S’ for SAMPEX, ‘U’ for UARS, ‘C’ for CRRES, and ‘I’ for ISEE);
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3. the third character identifies the institute where the ehvcs developed (‘B’ stands for
BIRA/IASB, ‘M’ for MSSL or MPA, 'P’ for PLGD, and ‘S’ for SEE);

4. the last two characters form the year in which the modeldeagloped (not the epoch of
the model!).

1.3.1 The ESA-SEE1 model

The ESA-SEE1 model developed by Vampola (1996) is meant ta keplacement of AE-
8 MIN, and therefore has the same structure as the NASA mdded. model data fil&ESA-
SEE1. DAT provided by Vampola (1996) is not in the salBleOCK DATA format as the ver-
sion of the NASA models used iMREP. The programVAMPCLA. FOR was developed to
rewrite theESA- SEEL. DAT file in the format used byfREP. The resultingBLOCK DATA
file ECS96BD. FORis linked toTREP, and makes use of tieRARAP subroutine developed by
Daly & Evans (1993) to interpolate in the flux map.

1.3.2 The CRRESPRO and CRRESELE models

The CRRESPRO and CRRESELE software packages developedlbysHtaboratory deter-
mine omnidirectional energetic proton and electron fluerfoe user-defined orbits. The flux
models used in these software packages are based on meastgenade with the PROTEL
(Violet et al. 1993) and HEEF (Hunerwadel et al. 1987) insteats onboard the Combined
Release and Radiation Effects Satellite (CRRES), whichfilem 25 July 1990 to 12 October
1991 during solar maximum. CRRES was in a geosynchrononsfa@aorbit with an inclina-
tion of 18°, a perigee of 350 km, and an apogee of 33000 km. It traversedathation belts
twice per orbit with a period af"52™.

Both flux models are provided in a series of binary files camtgy omnidirectional differ-
ential flux maps in I, B/ By) space. In order to implement these flux map3REP, we first
converted the binary files to ASCII format. Then, new flux mégsfivere created for omnidirec-
tional integral fluxes, which were obtained by integratihg tifferential fluxes in accordance
with the guidelines of Meffert & Gussenhoven (1994) and Bgam & Bell (1995). Finally,
the new flux maps were converted iBoOCK DATA format using the procedure outlined in
Sect. 1.3.3.

The conversion from differential fluxto integral flux.J is defined as:

J(> E) :/ j(B)dE, (1.3)
where E; is the lower energy boundary of channel The integration is approximated by a
summation:

N
J(> E;) = j(Ex) AE}, (1.4)
k=i
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Table 1.2. Integration parameters (MeV) for integral omnidirectibR&ROTEL flux [from Meffert &
Gussenhoven (1994)]

Channel Ey Eria Ey; AFE
1 11 15 19 0.8
2 19 2.1 2.3 0.4
3 2.3 2.5 2.7 0.4
4 2.7 2.9 3.1 0.4
5 3.1 4.3 5.5 2.4
6 55 5.7 5.9 0.4
7 5.9 6.8 7.7 1.8
8 7.7 8.5 9.3 1.6
9 9.3 9.7 10.1 0.8

10 10.1 10.7 11.3 1.2
11 11.3 13.2 15.1 3.8
12 15.1 19.4 23.7 8.6
13 23.7 26.3 28.9 5.2
14 28.9 30.9 32.9 4.0
15 32.9 36.3 40.2 7.3
16 40.2 41.1 43.2 3.0
17 43.2 47.0 50.8 7.6
18 50.8 55.0 59.2 8.4
19 59.2 65.7 72.2 13.0
20 72.2 81.3 90.4 18.2

with AE), the width of channek and N the number of channels. The summation for channel

i begins at the lower boundary of that channel and ends at therugpundary of the highest
energy channel.

1.3.2.1 The CRRESPRO model

During the TREND-2 study, the CRRESPRO model maps have beeveded to the AP-8
model format (Heynderickx 1995), in an attempt to faciétdte implementation of CRRESPRO
in TREP, as this approach used the interpolation rouTiRARA developed for AP-8 and AE-8.
However, this approach required interpolating the pitcgl@aniependence of the CRRESPRO
flux maps in order to convert them to the AP-8 format, which nsethat the converted flux
maps did not contain the original flux values of the model. réfare, it was decided not to
release th&NI RAD version that contained this implementation of CRRESPRO.
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The PROTEL instrument The CRRESPRO flux models are based on in situ flux measure-
ments made by the PROton TELescope (PROTEL) onboard CRRESTIPL Had two detector
heads which together measured protons from 1 to 100 MeV im2#gg steps, giving a com-
plete spectrum every 1.024 s. The angular resolution ofehector low (high) energy head was
+10° x £10° (+£12° x +17°). A full description of PROTEL is available in Violet et alLl993)

and Lynch et al. (1989).

The PROTEL detectors comprised detector stacks and a lggiera that required single
or double coincidence to verify that the proper energy plartis counted. In addition, both
active and passive shielding were used around much of tieetdetstack. The detectors were
extensively calibrated prior to launch. During calibratiat was found that energetic protons
(> 60 MeV) incident over a large angular angle with respect to #tector axis could degrade
sufficiently in the shielding, pass through the necessagteaim the detector stack, and be
counted. This contamination was found to be significant ghdor very hard spectra, such
as occurs forL values between 1.1 and 1.7, to require correction. A caoeccheme was
devised based on the assumption of an empty atmosphericdnsyGussenhoven et al. 1993).

One channel (15.2 MeV) had significantly lower sensitivitgn the other channels and one
channel was an overlap channel at 8.5 MeV. To avoid both @&y and the appearance of
discontinuities in differential and integral spectra ataim L values, the 8.5 MeV and 15.2 MeV
channels were not used.

Proton flux models In March 1991, a magnetic storm caused a reconfigurationeoiniier
magnetosphere, resulting in, among other features, tinestttwn of a second proton belt over
a certain energy range. Because of this change, two CRRES8Iswdre created. The “quiet”
model uses data from July 1990 to March 1991, and the “activedel uses data from March
1991 to October 1991. Note that the terms “quiet” and “attingve no correspondence to quiet
and active as determined by the ind€x. The channel characteristics of the PROTEL integral
flux maps are given in Table 1.2.

The CRRESPRO models are in the form of omnidirectional ceffiéial flux maps organised
in (E, L, B/B,) coordinates. The bin widths of the range are 0.0Rg, while for B/ B, the
bin limits are chosen such that they cover approximate®3® magnetic latitude in a dipole
field with steps of 2.

The CRRESPRO models have been implementédNInRAD as one model, called PCP94,
containing 2 submodels.

1.3.2.2 The CRRESELE model

The HEEF instrument The flux models used by CRRESELE are based on in situ flux mea-
surements made by the High Energy Electron Fluxmeter (HEBBBpard CRRES (Brautigam

& Bell 1995). HEEF Was designed to measure the flux of 1-10 Me¥teons in 10 differential
number flux channels and to return a complete spectrum evety 8. The telescope consists
of a well collimated stack of three particle detection elatsgthe top two being solid state de-
tectors, and the third a bismuth germanate (BGO) crystalagspe beryllium shield is placed
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Table 1.3.Channel energies (MeV) for CRRES/HEEF [from Brautigam &IB£995)]

Channel Ey, Eia Ey; AFE
0 0.50 0.65 0.80 0.30
0.a 0.80 0.825 0.85 0.05
1 0.85 0.95 1.05 0.20
la 1.05 1.15 1.25 0.20
2 1.25 1.60 1.70 0.45
3 1.70 2.00 2.10 0.40
4 2.10 2.35 2.50 0.40
5 2.50 2.75 2.90 0.40
6 2.90 3.15 3.30 0.40
7 3.30 3.75 4.10 0.80
8 4.10 4.55 4.95 0.85
9 4.95 5.75 6.60 1.65

at the entrance of the telescope to stop lower enet@y3 MeV) electrons. A plastic scintillator
surrounds the BGO crystal to veto particles that penetrétem the sides and would otherwise
trigger accidental counts.

As the result of extensive post-launch analysis of the &élight and test data of the HEEF
replica, the spectrum energies were revised. The lowesggdédferential channel was omitted
because of the large uncertainty in its geometric factat tha highest energy differential chan-
nel was omitted because its counting efficiency was so lowithhandered little statistically
meaningful data for modelling purposes. The final set ofgynehannels is listed in Table 1.3.

To facilitate the determination of the integral flux, theifious channels 0.a and 1.a have
been introduced to fill the gaps in the energy spectrum betwkannels 0 and 1 and between
channels 1 and 2, respectively. The omnidirectional fluxhasé two fictitious channels is
determined by interpolating between the adjacent channetsach case. This procedure is
followed to provide a stepwise continuous spectrum, wharhtben be summed over a discrete
set of energies to give the integral omnidirectional flux.

Electron flux models The potential problem of energetic proton contaminatiohBEF in
the inner zone has not been addressed in the constructible @RRESELE model. The slot
region, populated by the temporary third electron beltmyithe second half of the CRRES
mission, would require special treatment in comparisohéoduter belt. Therefore, the CRRE-
SELE models are developed for the outer zone electron bdifsand are limited to the interval
2.5< L <6.8.

The CRRESELE models are in the form of omnidirectional défdial flux maps organised
in (£, L, B/B,) coordinates. The bin widths of therange are 0.0Rg, while for B/B, the
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Table 1.4.Summary of CRRES!,,;5 model separation and statistics [from Brautigam & Bell @39

Model Nr. Ap15 Range Averagel,s Days/model % of total

0 5.0-7.5 6.8 13 3.2
1 7.5-10.0 8.7 83 20.7
2 10.0-15.0 125 69 17.1
3 15.0-20.0 17.1 82 20.6
4 20.0-25.0 22.4 72 17.7
5 25.0-55.0 35.7 83 20.7

bin limits are chosen such that they cover approximate®3® magnetic latitude in a dipole
field with steps of 2.

Eight models are available. Six of these models are paraedtby geomagnetic activity,
i.e. in terms of thed,,;; index which is defined as the average of the preceding 15 dallies
of A,. Six ranges ofd,;; were defined, for each of which a full electron model was aoieséd.
The statistics of the siXd,,;; ranges are given in Table 1.4. Two additional models, indepet
of A5, are available as well. For model 6, the entire data base wesged, providing a
mission average model. Model 7 was constructed from the maxi flux found at eacti bin
of the daily averaged data base.

The CRRESELE models have been implementedNhRAD as one model, called ECP95,
containing 8 submodels.

1.3.3 Structure of the model data files

For all the models listed in Table 1.1, except the ESA-SEE#leha new model format and
a set of interpolation routines were developed. The flux naapsstored in data files, one for
each model, which are transformed irBbOCK DATA files by the progranMODTOBD. FOR.
The format of the data files is common to all models and is gimefable 1.5. The number
of submodels in this table refers to the number of flux mapsnmodel corresponding to, for
instance, different geomagnetic conditions. For each sulei the external magnetic field
parameters have to be specified.

TheBLOCK DATA files generated biODTOBD. FOR must be linked tarREP, as well as
the program fileMODI NT. FOR, which contains the new interpolation routines for the miede
that are not in AP-8 format.

The flux maps are given on a three-dimensional rectanguidnmgrE, L, and a third co-
ordinatex which is eitherB, B/ By, or the equatorial pitch angle,. The third coordinate is
identified in the third record of the flux map data file as 1, 23 ocorresponding to the above
coordinates. The directionality of the flux map is given byaafl O for unidirectional, 1 for
omnidirectional. The fluxes are considered to be integraeu
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Table 1.5.Record structure of the flux map data files. All records extepfirst two are free-format.

Record Content
1 Model name 1X, A5, right justified)
2 Description labelX X, A8, right justified)
3 Number of submodeldNj, number of energyl, and coordinate bins, flag (omni- or
unidirectional), third coordinate identification, loweuxllimit
4 Model number and epoch for internal magnetic field modetreal model number
5-44N K, Range number, solar wind density and velocidy;
5+N Bin limits of the energy grid
6+N Reference values of the energy grid
7+N Bin limits of the L grid
8+N Reference values of the grid
9+N Bin limits of the third coordinate grid
10+N Reference values of the third coordinate grid
11N Fluxes for first energy andl bin

1.3.4 Interpolation in flux maps

The interpolation in the flux maps is performed tri-lineanty(E, L, x) space over the par-
allepiped containing the point for which the flyXF, L, x) is required. The vertices of this
parallepiped aréEl, Ll, 1'1), (El, Ll, IL'Q), (El, LQ, 1'1), (El, LQ, IL'Q), (EQ, Ll, 1'1), (EQ, Ll, 1'2),
(Eo, Lo, x1), and(Esy, Ly, x5), WhereE € [Ey, Es|, Le[Ly, Ls], andz € [z1, x2]. The interpola-
tion function has the form:

f(E,L,x)

= (1-p (=g (A —r)f(Er, Li,z1) + (1 =p) (1 —q)r f(E1, L1, 2)
+(1_p)Q(l_T)f(E1,L2,$1)+(l—p)qrf(EhLQ,%Q)
+p(1—q) (1 —7) f(Es Li,x1) +p(1 —q)r f(Eo, Ly, x2)

+pQ(1 —T)f(EzaLza«%’l)+pq7"f(E2,L2,l’2)a (1.5)



1.3. NEwW TRAPPED PARTICLE MODELS 11

with .

_E-E

P= B " F

g L=t (1.6)
Ly— L,
r — T

T:
Ty — X1 V,

Interpolation of the flux maps between grid values is han@ethe subroutind/ODI NT,
which is contained in the program fiMODI NT. FOR. This subroutine takes as input the number
of grid bins in each dimension, the grid limits and referevakies, a vector containing the flux
values over the grid, and a vector of energies (and its Igmpdils a pair ofl. and third coordinate
for which the flux is required. The subroutine returns a veotdluxes of the same size as the
vector of input energies.

The flux maps can cover regions where no measurements weladeavhen building the
map. The corresponding value in these bins has to be sel toThe interpolation program
MODI NT uses the value-1 as a flag: if a value of-1 is encountered during interpolation, the
procedure is stopped and a flux value-ef is returned. In turnTREP interprets a flux value
of —1 as a sign that the geographic point in question is outsidestifien covered by the model
map, and will issue a warning. The same warning is issued \liegeographic point or the
energy is completely outside of the model map.

MODI NT Can be called directly bf¥ REP, or by the routine that converts unidirectional to
omnidirectional fluxes.

1.3.5 Conversion to omnidirectional fluxes

The omnidirectional flux/ at a given locatior” and energy can be expressed in terms of the
unidirectional flux; as:

J(E) = /0% /Owj[E,L(a),a, 8] sin a da dgb (1.7)

(Roederer, 1970). Using the relation between the locahmtwleq, the local magnetic field
strengthB, and the equatorial pitch anglg:

sinac sin?ayg

= 1.
= (18)

and assuming that the dependence of the flux. @ symmetric around /2, Eq. (1.7) can be
rewritten as:

dcosagdo, (1.9)

B /2” /1 JolE, L), a, @] cos g
0 Iz

J(E) =2 —
. Po ’ I—E(l—cos2 )
Bo @0
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Table 1.6.New or modifiedNAMELI ST parameters fof REP

Parameter Data Type Default Function

TRPMOD | NTEGER 1 Proton model selection:
1: AP-8
2: PAB97
3: PSB97
4. PUB97
5: PCP9%4

TREMOD | NTEGER 1 Electron model selection:
1: AE-8

. ECS96

: LANL

. ECM97

. EIM97

. ECP95

Index of proton submodel

OO WN

| MODP | NTEGER
| MODE | NTEGER
OWNI P | NTECER
OWNI E | NTECER

Index of electron submodel
Flag for conversion to omnidirectional proton fluxes

e

Flag for conversion to omnidirectional electron fluxes

with

The subroutindJNI OWN, contained inMODI NT. FOR, uses Eqg. (1.9) to derive omnidirec-
tional fluxes from a unidirectional flux map parametrisedemts of £/, L, andag, and which
does not depend on (the azimuthal dependence of the flux will be implementeerjatThe
integration is carried out using the trapezoid method, ab th

—1/2}

B B —-1/2 B —1/2
+ 27 50 {jo,n {1 - Eo (1— COSZCYO,n)] + Jon+1 [1 - Eo (1— COSZQO)] }

B . B —1/2 .
J(E) =21 — Z {jo,i [1 - —(1- cos2a07i)] + Jo.it1

1— B (1 — cos’ag,iy1)

X (€OS (g 41 — COS Y ;)

X (cos apg — cosag ) , (1.11)

where j,; represents the flux map entjy[E, L(c;), aoi], andn is the index of then, grid
value precedingy,.
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The integration in Eg. (1.9) can be rewritten in termsibbr B, to accomodate the flux
maps organised in these coordinates. This extensibhlit@VN will be added later.

1.3.6 Modifications to TREP

In order to add the new flux models, th&EP program had to be modified in several ways:

1. addition of models in the same format as the NASA models3/ird AE-8;

2. addition of models in a different format, including thevedl®pment of new interpolation
routines;

3. addition of a routine for converting unidirectional flex® omnidirectional fluxes;

4. modification and extension of tH&REP NAMEL| ST parameters to accomodate the pre-
ceding modifications.

The addition of new models has been described in Sects.dn8.3.3.4, and flux conversion in
Sect. 1.3.5, respectively. TINAVELI ST parameters added or modified are listed in Table 1.6.
The new version o REP has been used to produce the spectra used in Part IV of Tethnic
Note 5.






Chapter 2

The UNIRAD library

The development of theNI RAD library was the task of WP 3.2R of the TREND-3 project. The
main objectives of the WP are to improve the software usedild badiation belt models and
to predict the radiation experienced by spacecraft in aroitind the Earth. To this effect, other
coordinates thaiB, L) have been investigated to organise trapped particle flesgcially

at low altitude. TheJNI RAD library provides tools to evaluate these new coordinatésghv
are related to interactions of particles with the environtmsuch as the atmospheric material
encountered or the energy loss experienced by the trappicgm The software library there-
fore implements tools to compute the geomagnetic field,acetmagnetic field lines and drift
shells, to determine the minimum altitude of mirror pointsl do evaluate quantities averaged
along a drift trajectory.

2.1 Portability

The library has been developed on a DEC/AXP platform undeofferating system OpenVMS.
The modules of the library have been written conformablyandard FORTRAN 77, extended

by the use oSTRUCTURE and RECORD statements. These statements (suggested to us by H.
Evans) greatly increase the user friendliness of the §baaid are generally supported by all
FORTRAN 77 compilers.

Machine specific code has been avoided so that the librarjpegrorted on VAX, AXP,
HP, Sun, and PC platforms, under different operating systednder the operating systems
VAX/VMS and OpenVMS/AXP, the library is callable directlydm IDL routines, to allow
graphical representation and data analysis.

2.2 Sources

TheUNI RAD library has been partially derived from thiNI RAD software [programm@L X-
TRA, see Heynderickx et al. (1996d)] and from the code develdpeHassitt (1965) at the

15
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University of California (San Diego) provided to BIRA/IASBy C.E. Mcllwain. TheUNI -
RAD library subroutines which evaluate the geomagnetic fidiehisity and Mcllwain’s (1961)
parametet. are those developed earlier at BIRA/IASB Bt XTRA.

The Hassitt code calculates averages of the atmosphersitgener a drift shell. In this
code, the Jensen and Cain (1962) magnetic field model andrtiesphere model of Ander-
son & Francis (1964) are used, respectively, to trace thfeshell and to evaluate the atmo-
spheric number densities. Hassitt (1965) deduced the geg@mospheric density over a drift
shell by weighting the atmospheric number densities with@r cross sections for charge ex-
change, ionisation and excitation. The Hassitt code has &a&ended during the course of the
TREND-2 project to incorporate additional magnetic fielddals and the latest atmosphere
and ionosphere models (Heynderickx et al. 1995, 1996c¢).n€heversion of drift shell tracing
programme differs significantly from that of Hassitt. Bothdes have been tested for a number
of case studies and give comparable results.

Note that similar codes have been developed in the sixti€sdogwall et al. (1965).

2.3 Functionality of the library

A main goal of thdJNI RADlibrary is to evaluate the effects of the interaction of fra@ protons
with the atmosphere. These effects are usually describibdivg help of effective scale heights.
Different scale heights are obtained from the averagesfigrdnt physical quantities over one
complete longitudinal drift period of the trapped partgl& he different physical quantities are,
for instance:

¢ the amount of atmospheric material encountered by thecparti
e the number of charge-exchange collisions;

e the number of ionisation or excitation interactions;

e the energy lost by the trapped patrticle;

¢ the pitch angle deviation experienced by the trapped paurtic

These quantities are generally expressed per unit of time.

Another main goal of the library is to compute specific cooaties for the geomagnetically
trapped patrticles, for instance:

the magnetic field intensitig,, at the mirror points;

the equatorial pitch angle,;

the Mcllwain (1961) parametér;

the second and third adiabatic invariaitsp ;
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Table 2.1.Physical units used in theNl RAD library

Quantity Unit Relation to Sl
energy MeV 1.602177 x 10~ 13 ]
date day 86400s

dipole geomagnetic moment Gaugs 2.58621 x 106 Tm3
distance km 103 m

Earth radius Rg 6,371,200 m

mass amu 1.66054 x 10727 kg
mass thickness gcm 10 kg T2

mass density gcm 103 kgm=3
number density crm’ 106 m=3

magnetic flux density Gauss 1074T

cross section mbarn 1073 m?

e the altitude of the lowest mirror point and the intersectiohthe magnetic field line with
the Earth’s surface.

2.4 Conventions used in thé&JNI RAD library

2.4.1 Units

The Sl units are used in théNI RAD library except for the quantities listed in Table 2.1. Argyle
are given in degrees.

2.4.2 Coordinate systems

Geographic positions are generally given in the GeoceBtri@atorial (GEO) coordinate system
in the form of longitude, colatitude and radial distancarfrthe centre of the Earth. The vector
attached to a geographic position is given by its sphericalponents (e.dv,, Vy, V,,, where
the subscriptp, # and¢ indicate the radial distance, the colatitude and the lowigiin GEO,
respectively). The spherical components of a vector aegaelto its cartesian components by
the transformation

V, sinffcos¢ sinflsing cosf Ve
Vo | = | cosfcos¢ cosfsing —sinf Vy | - (2.1)
Vs —sin ¢ cos ¢ 0 V,

One should note that the GEO spherical components and thee@teic Inertial (GEI) spherical
components of any vector are identical.

The library includes several subroutines to convert GECQrdioates to other coordinate
systems, and inversely (Russell, 1971).
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Table 2.2. URLs Of the main pages of tHdNI RAD library documentation, relative to the root locator
http://ww. magnet . ona. be/ horre/ uni | i b/

URL Content
honme. ht m Home page of the library
toc. htm List of the library components
fag. ht m Frequently asked questions
i ndex. htm Set of links to other pages ordered by keywords

structure. htm Description of the FORTRAN structures used by the library

2.4.3 Component identifiers

Each component has a unique identifier intid¢ RAD library.

The FORTRANCOVMON BLOCK components of the library are identified by the two char-
actersUC followed by three digits. The FORTRAN subroutine composesftthe library are
identified by two characters, related to the functionalitylee component, followed by three
digits. The characterdL, UF, UD, UM UA, andUT correspond to geomagnetic labels, field line
tracing, drift shell tracing, magnetic models, atmosphenbdels, and general tools, respec-
tively. Each component of the library is uniquely defined t3y3-digit code.

For the variables used in the library, the first charactehefitentifier indicates the type
of the variable. The correspondences between the firstdearaf the identifier and the FOR-
TRAN type of the field are:A-H, P-Y for REAL*8; |, J, K andN for | NTEGER* 4; L for
CHARACTER* ( *) ; Mfor structure record; and for EXTERNAL.

2.4.3.1 Error trapping

When an error occurs in a subroutine of the library, the edragnostic is returned by way of
a negative integer value of the forrdddi i . The first three digitsddd) are set to the three
digits of the name of the subroutine where the error occuns. last two digitsi(i ) are used to
differentiate between errors inside a same subroutine.

2.5 Library documentation

The documentation of theNI RAD library is provided in the form of HTML pages. The doc-
umentation contains a list of Frequently Asked Questioristaf all the components of the
library, and a detailed description of each component. Sexaenples are provided as well.
The complete set of HTML pages is provided in Appendix A. Thevdrsal Resource Locator
(URL) of the main pages of the documentation are listed irerat.
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OO0

OO0

OO0

PROGRAM sanpl e

| NCLUDE 'structure.h’

| NTEGER* 4 kunit, kinit, ifail, kint, kext, nfbm
CHARACTER*32 | bint, | bext
REAL* 8 year, para(10), anjd, fbm(10), falt

RECORD / zgeo/ npos

DATA kunit, kinit, kint, year/6, 1, 0, 1995.0/
DATA kext, anjd, para/0, 0., 10*0.0/
DATA nfbm falt, fbm1, -999., 0.4, 9*0./

Initialization

CALL UT990(kunit, kinit, ifail)

IF( ifail .LT. 0 )STOP

CALL UMb10(Kkint, year, Ibint, kunit, ifail)

IF( ifail .LT. O )STOP

CALL UMb20( kext, anjd, para, |bext, kunit, ifail)
IF( ifail .LT. O )STOP

Body part

npos. radi us = 8371.2
npos.colat = 50.
npos. elong = 30.

CALL UF420(npos, fbm nfbm falt, ifail)
IF( ifail .LT. 0 )STOP

Result Printing

CALL UT991(kunit, ifail)
IF( ifail .LT. 0 )STOP

END

Figure 2.1. Sample of a FORTRAN programme using the library. It traces rtlagnetic field line
segment passing through a geographic position and lirditagea mirror-point magnetic field intensity.
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;  sanple.pro

testdef = TRNLOE ’'unilib’, content) nod 2
| F NOT testdef THEN $
MESSAGE, 'The logical UNILIB has to be defined +$%
" before running idl’
MESSAGE, 'File '+ strtrim content, 2)+ ' linked ,$
/informational

; Dat a
kunit= 6L & kinit= 1L & kint= OL & year= 1995. 0DO
kext= OL & anjd= 0. 0d0 & para= DBLARR(10)

nfbme 1L & falt= -999.0d0
f bme DBLARR(nfbm) & fbm(*)= [ 0.4d0 ]

: Initialization

version = OL
status = CALL_EXTERNAL( 'wunilib’, *ut990’, -6L, 1L, version)
| F version LT O THEN MESSAGE, 'Unable to initialize +$
" the Unirad Library’
MESSAGE, ’'Unirad Library v'+ STRCOVWRESS( $
STRING version*0.01, format="(f10.2)"), $
[remove_all), /infornmational

| bi nt = ' 12345678901234567890123456789012’
ifail = 0L
status = CALL_EXTERNAL( 'wunilib’, ’unbl0’, kint, year, $

| bint, kunit, ifail)
IF ifail LT O THEN MESSAGE, 'Error’+ STRINGifail)+ $

' in UMBLO’
| bext =’ 12345678901234567890123456789012’
ifail = oL
status = CALL_EXTERNAL( 'unilib’, 'unb20’, kext, anjd, $

para, |bext, kunit, ifail)
IFifail LT O THEN MESSAGE, 'Error’+ STRINGifail)+ $
" in UVb20’

Figure 2.2. Sample of an IDL programme using the library. It traces thgmes#ic field line segment
passing through a geographic position and limitated by sompoint magnetic field intensity.
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;  Body part

npos = {zgeo, radius: 8371.2d0, $
col at: 50.0d0, $
el ong: 30. 0d0}
i fail = 0L
status = CALL_EXTERNAL( '"unilib’, 'uf420’, npos, fbm nfbm$

falt, ifail)
IFifail LT O THEN MESSAGE, 'Error’+ STRINGifail)+ $
" in UF420°

; Result Printing

ifail oL
status CALL_EXTERNAL( "wunilib’, "ut991', kunit, ifail)
IFifail LT O THEN MESSAGE, 'Error’+ STRINGifail)+ $

" in UT991’

END

Figure 2.2. (continued)

2.6 Installation and usage

TheUNI RAD library contains two items:

1. an object library fileni I'i b. I'i b,uni |l ib. ol b,orlibunilib.a,depending on
the operating system);

2. aninclude filegt r uct ur e. h).

The object library file is intended to be used by the linkerintludes the object code of all

the subroutines contained in thidl RAD library. The include file contains the definition of all

the structures defined in the library. The include file candl&d in user source code by the
statement NCLUDE * STRUCTURE. H . Both files can be downloaded from the HTML page
http://ww. magnet .. oma. be/ hone/ uni | i b/ hreg. ht m

The functionality of the library has to be accessed with tle® lof a FORTRAN pro-
gramme or an IDL routine. Note that except under the opeagatystems VAX/VMS and
OpenVMS/AXP, additional C codes have to be produced tofexterthe library with the IDL
software. A sample FORTRAN programme is given in Fig 2.1.hie programme of Fig 2.1,
a magnetic field line segment —passing through the GEO lmtd#,000 km, 40N, 30°E]
and limited by a magnetic field intensity of 0.4 Gauss— is cota@ and printed. In this sam-
ple, the library has been initialized with the IGRF-95 gegmetic field model. Note that the
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HTML documentation (see Appendix A) contains help for eagbrsutine, including synopsis,
description, dependencies and a list of reported bugs.

The IDL programme corresponding to the FORTRAN programme&igf2.1 is listed in
Fig 2.2. One should remember that the implementation displan Fig 2.2 is specific to the
OpenVMS operating system. Further information on the IDlitiree CALL _EXTERNAL can be
found in Chapter 18 of thiDL user’s guide

2.6.1 Initialization

Before most of the library subroutines can be used, therdifteCOVMON BLOCKs of the
UNI RAD library have to be initialized. The following initalisaticsubroutines are provided
inside the library :

e UT990: to initialize the differentCOMMON BLOCKs of theUNI RAD library;
e UMb10: to select a geomagnetic field model,
e UMB20: to select an external magnetic field model;

e UAG610: to select an atmospheric, ionospheric and/or plasmaspnedel.

2.6.2 Main subroutines

The subroutines of theNI RAD library can be divided into three sets:

1. the main subroutines;
2. the internal subroutines;

3. the miscellaneous subroutines.

The internal subroutines are subroutines called by othanostines of the library and as such,
are not directly accessed by the user. The main subroutmeetop-level subroutines, they
include:

e UL220: to evaluateB,,, L, K = I/ B,, for a set of field line segments passing through
a given position wheré is the integral invariant function;

UD310: to trace a magnetic drift shell;

UD320: to average physical quantities over a drift shell;

UD330: to evaluate the third invariant;

UF420: to trace a magnetic field line segment passing through angigsition;
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UMb 30: to evaluate the magnetic field vector;

UA630: to evaluate the atmospheric number and mass densities;

UA636: to evaluate the atmospheric number or mass densities te€libly cross sections;

UT980: to print the library error messages.

The miscellaneous subroutines are subroutines callediey stibroutines of the library but that
users can also use directly (eldvb39, UT540, UT541, UT550).

The HTML pages relative to the main subroutines are a goatirgggoint to learn about
the UNI RAD library. Another starting point to understand the phildsppf the library are the
examples provided in the HTML documentation.

2.7 Models included in the library

2.7.1 Magnetic field models

The library includes some internal and external magnetid fieodels. The set of internal
magnetic field models is composed of:

1. the International Geomagnetic Reference Field (IGRRJeho
2. the Jensen & Cain (1962) model;
3. the GSFC12/66 model (Cain et al., 1967);

4. a simple centred tilted dipole magnetic field.

The IGRF model is the empirical representation of the Earagnetic field recommended for
scientific use by the International Association of Geomaigneand Aeronomy (IAGA). The
Jensen & Cain (1962) model and the GSFC12/66 model (Cain £9@V) are included in the
library since they have been used to produce the NASA trapidtion belt models AP-8 and
AE-8 (Heynderickx et al. 1996ab). The simple dipole magnigild model is deduced from a
truncation to the second order of the expansion of the IGRfnggnetic field models.

Eight external magnetic field models are included in thealijpr

. Mead & Fairfield (1975) model;

. Tsyganenko (1987) short model;

1
2
3. Tsyganenko (1987) long model;
4. Tsyganenko (1989) model;

5

. Olson & Pfitzer (1977) quiet model;
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6. Olson & Pfitzer (Olson et al. 1988) dynamic model;
7. model T96 (Tsyganenko & Stern 1996);

8. Ostapenko-Maltsev (1997) model.

The Mead & Fairfield (1975) and Tsyganenko (1987, 1989) miagfield models depend on
levels of magnetic disturbance parameterizedijy The Tsyganenko (1989) model is tilt
dependent and was primarily developed as a tail model. TkerO& Pfitzer (1977) model
is an average models fit to quiet conditions without paraméike dynamic model (Olson et
al. 1988) is a scalable model depending upon the activitgl lbut without a tilt dependence.
The scale factors are determined by the activity indgx and the standoff distance of the
magnetopause determined by the solar wind density anditseldbe model T96 (Tsyganenko
& Stern 1996) depends on the solar wind pressure andBthand By components of the
interplanetary magnetic field. The Ostapenko-Maltsev {)98odel was obtained by a least-
square fit of fourth order polynomials to 14,000 vector fieldasurements from the data base
of Fairfield et al. (1994). The model depends on fheand K, indices, as well as on the solar
wind dynamic pressure and thecomponent of the interplanetary magnetic field.

The different magnetic field models are accessible throughositinedUM610, UMB20 and
UMb 30.

2.7.2 Atmospheric models

Some atmospheric models as well as ionospheric and plaberaspextensions are accessible
from the library. The library includes:

1. the neutral atmosphere empirical model MSISE-90 (Hefl81), improved by Chabrillat
(1995);

. the Anderson and Francis (1964) atmosphere and ionaspiwtel,
. the international reference ionosphere IRI-90 (Bilit280);

2

3

4. aplasmaspheric extension of IRI-90 (Carpenter & Andedg@9?2);
5. a simple atmospheric model based on a table of Allen (3985)
6

. the atmospheric model used by Pfitzer (1990).

The MSISE-90 atmospheric model is a very comprehensivearée model for the upper at-
mosphere based on measurements from several rockettesgeid incoherent scatter radars.
It is extended to the middle and lower atmosphere on the Was¢abulation of zonal average
temperature and pressure. The IRI-90 ionospheric moderéseaence model for the iono-
spheric densities and temperatures. Although outdatedlsalete, the Anderson and Francis
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(1964) model is included in the library since it had beenioally used by Hassitt (1965). The
last two models are simplified models which provide only ttaltatmospheric mass density.

The atmospheric models and their ionospheric and plasmeasg@xtensions are accessible
through the use of the subroutindd610 andUA630.

2.7.3 Collisional cross section models

Two models to evaluate the cross sections for collisionséen protons and atmospheric par-
ticles are included in the library:

1. the Hassitt (1965) cross sections;

2. acollection of cross sections compiled by Pierrard (3994

The Hassitt model is included for historical reason andudek cross sections from unrefer-
enced origin. Pierrard’s (1994) compilation includes sresctions of charge exchange, ionisa-
tion, excitation and nuclear collision from several sosrd@oth models are accessible through
the use of the subroutinéi®\636 andUA637.

2.8 Magnetic drift shell

The tracing of magnetic drift shells is the central part @WNl RAD library: when a drift shell
is traced with the help of the library, more than twenty suwitirees of the library are used. The
tracing of a drift shell is mainly controlled by the subrawsUD310, UF410 andUF420. The
algorithm is separated in two parts, the magnetic field liaeibg and the drift shell tracing.

2.8.1 Field line tracing

A segment of a magnetic field line is described as a set of el@anesegments. Each segments
is characterized by its GEO location, arc length, radiusuo¥ature,. . . (see the definition of the
FORTRAN structurd zseg/ ). The field line segments are traced by the subroutifé20
and its dependencies. The algorithm has been derived frapedi(1991) one and is still based
on Gill's (1951) 4-order Runge-Kutta integration methotdeBubroutinéJF420 gets, as input
arguments, the GEO coordinates of a point on the magnettt lfiet, a set of mirror-point
magnetic field intensities and, eventually, an altitudertolawry. As result, the subroutine traces
the segment of the magnetic field line that includes all thegdamirror points and eventually
the foot points of the magnetic field line when an altitudermary has been provided. Note
that the resulting field segment does not necessarily iiedlné starting point.

When the subroutineF420 is called, it checks first that the starting point is locateside
the most external boundary conditions (the boundary cmmditare defined by the mirror-point
magnetic field intensities and the altitude boundary).if itot the case, the field line is traced in
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the direction of decreasing field intensity until a boundeaoydition is reached. The field line
segment is then firstly traced in the increasing field intgrdirection until all the boundary

conditions have been reached. Afterwards, this first patheffield line segment is reversed
and the rest of the field line segment is traced in the oppdsiéetion. During this process,

each time when a boundary condition is overstepped, the [fiediracing is suspended and
the exact location on the field line corresponding to the ldamy condition is calculated by an
iterative search. Such an iterative search is also appleshwan extremum of the magnetic field
line intensity is overreached.

Note that the integral invariant functiahis not evaluated during the field line tracing, but
that the intermediat® value of the Runge-Kutta integration step are stored inrdadealculate
the value ofl afterwards (see subroutit230).

2.8.2 Drift shell tracing

Magnetic drift shells are defined by their mirror-point magiafield intensityB,, and Mcllwain
shell parametef: the drift shell B,,, L) consists of a family of magnetic field line segments

e which are bounded by the magnetic field intendsty, and,

¢ the integral invariant functiod which corresponds to the requestedalue.

Drift shells can be traced by subroutitl®310. The input arguments of the subroutine are
B, L and the numben of field line segments to be traced. As output the subrough&ms
the set of field line segments such that the longitudes of thetowith the lowest magnetic
field intensity along each field line segment are equidistahe subroutindJD310 calls the
subroutindJF410, n times, to find and trace the different field line segments.

The arguments of the subroutibE410 areB,,, L, a longitude and an altitude range. When
the subroutine is entered, it seeks first a magnetic fieldfbnevhich the pointP,,;, with the
lowest magnetic field intensity has the requested longiaudklies in the given altitude range.

If the magnetic field intensity a®,,;, is greater thaiB,,,, the lower limit of the altitude range is
set to the altitude of the curret,;, and the programme seeks for an other magnetic field line.
When a field line which satisfied all conditions &}, is obtained, thd value of the field
line segment (delimited by the magnetic field intend#ty) is evaluated and compared to the

expected value. According to the value obtained for thegimatieanvariant function, the altitude
range of the poinf,,;, is adapted:

e when the invariant function is larger than the requedtetthe upper limit of the altitude
range is set to the altitude of the curreény;,;

e when the invariant function is lower than the requestethe lower limit of the altitude
range is set to the altitude of the curreny;,..

Afterwards, a new magnetic field line is sought again.



2.8. MAGNETIC DRIFT SHELL

Table 2.3.Subroutines implemented in the UNIRAD library

Name Usage

uL220 get information on a magnetic field line segment
UL230 evaluate the integral invariant coordindte

uL240 evaluate the Hilton’s function

uL242 inverse the Hilton function

uL245 equatorial pitch angle

uUD310 trace a magnetic drift shell

UD315 search the mirror point with the lowest altitude

uDb316 search the equatorial point with the lowest magnetic fielensity
UD319 transfer a field line segment from common bldd®170 to UC130
ub320 evaluate a double time integral over a drift shell
uD321 evaluate a time integral over a magnetic field line
ub327 search an extremum

ub328 evaluate the second derivative Bf

ub329 interpolate between two or three points

ub330 evaluate the third invariant

ub331 evaluate the magnetic flux through a spherical cap
UD332 evaluate the magnetic flux through a spherical pie
UF410 search the geographic position of a magnetic field line
UF411 search a local magnetic equator

UF415 rebuild the labels of the field line

UF420 trace a magnetic field line segment passing through a givsitigqo
UF421 initialize and close a field line segment

UF422 follow a field line until a boundary condition is reached
UF423 Runge Kutta step

UF424 search the lowedB value

UF425 evaluate the curvature of the field lines

UF426 interpolating an extremum d#

UF427 interpolating a value oB

UF428 interpolating an altitude

UF429 transpose a field line segment

UVb10 select a geomagnetic field model

Uvb11l set the Jensen & Cain model coefficients

Uvb12 set the GSFC 12/66 model coefficients

UVb13 set the DGRF/IGRF model coefficients

Uvb15 perform a Schmidt normalisation

UMB17 transform from Schmidt to Kluge normalisation
UVB20 select an external magnetic field model

UMb21 ground disturbances fromK

UVb22 position of the Sun

27
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Table 2.3.(continued)

UVb23
Uvb24
Uvb30
Uvb31
Uvb32
UVb33
UVb35
UVb36
Uvb37
Uvb39
ur540
urs41
urs542
ur545
UT546
urs47
UT550
urs51
urs52
UT555
UT556
UAG610
UAG612
UAG30
UAG31
UAG32
UAG33
UAG34
UAG35
UAG36
UAG37
UAG38
UAG39
uroso
urosi
urosg2
uross
uros6
uro9oo
urool

GEO to GSM transformation

GEO to SM transformation

evaluate the magnetic field vector

geomagnetic field

external magnetic field

distance to the magnetopause

geocentric to geodetic transformation

geodetic to geocentric transformation

Kluge evaluation of the geomagnetic field

evaluate the magnetic field

compute maodified Julian Day from date

convert spherical coordinates to cartesian coordinates
convert spherical vector components to cartesian compenen
compute date from modified Julian Day

convert cartesian coordinates to spherical coordinates
convert cartesian vector components to spherical compenen
select a coordinate transformation

initialize an Euler rotation matrix

initialize a quaternion rotation matrix

coordinate conversion

vector conversion

select an atmospheric, ionospheric and/or plasmasphereim
provide a list of atmospheric constituents

evaluate the density numbers and mass densities
Anderson and Francis atmosphere

MSISE-90 atmosphere

IRI-90 ionosphere

compute mass density from number density

evaluate the Debye length

evaluate a weighted atmospheric mass

proton cross sections

Hassitt proton cross sections

equatorial electron density

print the error messages

search information on a subroutine

print the link between two subroutines

transfer a field line of the drift shell to IDL

pass general variables to IDL

initialize the UNIRAD library

print the magnetic field line
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Table 2.3.(continued)

urooz print the magnetic drift shell

ur993 store a magnetic field drift shell

uroos evaluate the magnetic field vector and the normal to the fied |
ur999 radius of curvature in a dipolar magnetic field

This iterative process is repeated until the integral ilrdrfunction is found to be equal to
the expected within a tolerance specified in the common blagR190. During the iterations,
the programme is aborted when

1. the number of iterations exceeds 20;
2. the upper and lower limits of the altitude range becomalkqu

3. an unrecoverable error occurs during the field line tigacin

In that case, the subroutit#-410 returns with a specific error diagnostic.

The subroutindJD310 succeeds only when all the magnetic field line segments atrifte
shell have been successfully traced.

2.9 Content of the library

The complete set of subroutines implemented in the libmtgied in Table 2.3.
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Appendix A

HTML Help pages for the UNI RAD library

The user documentation for thdNl RAD library has been written in the HyperText Mark-up
Language (HTML). The documentation consists of:

e Frequently Asked Questions (FAQs) and their answers,ablailat:
http://ww. magnet .. oma. be/ hone/ uni | i b/ faq. ht m

e a set of pages with a detailed description of the subroutime&sng up the library, one
HTML page per subroutine. These HTML pages are made up ofllming sections:
Name, Synopsis, Arguments, Description, Dependencies A&®, and Examples. The
pages can be accessed directly from a Table of Contents (p&g8. In addition, links
are provided between related pages. The URL of the TOC page is
htt p: // www. magnet . oma. be/ honme/ uni i b/ toc. htm

A hardcopy of the complete set of HTML pages is provided is #hppendix.
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