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Abstract

This is the result of a survey of the energetic particle spectra in the inner regions of the Solar System, from
1 to 5 AU, both within and above the ecliptic plane using the high energy resolution particle detectors
on the Heliosphere Instrument for Spectral, Composition, and Anisotropy at Low Energies (HISCALE)
on board the Ulysses spacecraft and the Electron Proton Alpha Monitor (EPAM) on board the Advanced
Composition Explorer (ACE). The goals of the study are to determine the interplanetary mechanisms
by which energetic ions and electrons are accelerated, to gain more insight into the nature of various
recurrent events, and to quantify the latitude dependence of the spectra of the energetic ions and electrons.
We first present the results of the analysis of the background rates for EPAM and HISCALE. During the
first fast latitude scan of the Ulysses orbit, there was a systematic attenuation of the HISCALE MFSA
background rates within the streamer belts (20-60 degrees heliographic latitude). It is suspected that
these attenuations are the result of the modulation of relativistic ions of galactic origin and relativistic
electrons of galactic and perhaps Jovian origin. The first full Ulysses orbit, after the recognition of the
significantly different backgrounds at different latitudes, was divided into five basic regions: north and
south polar regions, the streamer belts, 1.5 AU equatorial, and 5.2 AU equatorial regions. The energy
spectra for 60-4000 keV ions and 40-400 keV electrons are very different in these five regions and the
model of interplanetary acceleration of ions by CIRs beyond 2-3 AU is upheld by our observations.
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Chapter 1

Previous Studies and Results

The scientific study of the physical properties of the Sun began as early as 1610 when Galileo Galilei
turned his telescope toward the Sun and saw sunspots for the first time [Hufbauer, 1991]. Since that
first observation, solar activity has been a major phenomenon of interest to physicists and astronomers.
For astronomers, the Sun provides them an up-close view of a typical star and allows them to make
inferences about the properties of distant stars based upon our own Sun. For physicists, the Sun and
the plasma environment that surrounds it provides an excellent laboratory for the study of magnetized
plasmas, electrodynamics, and fluid mechanics. Until recently, the only observations made of the Sun
had been a record of the number of visible sunspots where it was noticed that the number of sunspots
varied with a very regular 11-year period. The beginnings of true space physics were balloon experi-
ments and ionosonde radio experiments in the early 1900’s when the effects of galactic cosmic rays were
noticed. Once we became capable of launching objects into space, it didn’t take long for scientific probes
to be placed into orbit around the Earth and eventually beyond the Earth. Now there are many different
particle detectors, magnetometers, and plasma wave detectors on board many different spacecraft placed
throughout the solar system. These probes, such as Voyagers | and Il, IMP-8, ACE, and Ulysses, have
provided scientists with a wealth of data on the nature of the energetic particles and the plasma environ-
ment around our own planet and throughout the solar system. Presented here in this chapter is a summary
of the results and discoveries made concerning the plasma environment surrounding our Sun.

1.1 Solar Structure and the Heliosphere

The bulk of the results presented in later chapters pertains only to the outermost layers of the Sun: the
corona and solar wind. There is much more to the Sun, of course, and the outer layers directly observed
by this study are strongly affected by many different regions of the Sun and the Sun’s magnetic field.
First, let us examine the internal structure of the Sun. The Sun’s core, at a temperature of 15 MK, is



responsible for generating the energy released by the Sun via hydrogen fusion process called the proton-
proton chain:

IH+1H —?H+em +v.+7,

H4+1H —3 He + 7,

SHe+5He —4 He + 21H + .
The positron produced in the first reaction quickly encounters an electron and the two particles annihilate
each other, resulting in the release of two 511-keV gamma rays. The gamma rays produced by this
reaction and the pair-annihilation of the positron and electron do not emerge from the core to the surface
of the Sun immediately. The density of the core and surrounding layers of the Sun are such that the
gamma rays are prohibited from propagating freely. As a result of the strong scattering, the energy
generated by the core takes around one million years to reach the Sun’s surface. The layer above the

Figure 1.1: Schematic of the interior layers of the Sun. [Image courtesy of ESA]




Sun’s core, the radiation zone, is still very dense, although not hot enough to sustain hydrogen fusion.
The density and pressure within the radiation zone prevent the plasma within this region from flowing in
any organized manner. Therefore, the only means of transporting energy from the bottom of the radiation
zone outward is by radiative transport. As mentioned previously, the process of transporting the gamma
rays produced in the core through this layer takes a very long time due to the large amount of scattering
that occurs.

Eventually, the density and pressure of the solar interior does become low enough for the solar plasma
to become more fluid. As soon as the solar material can flow, it begins to convect. This region in which
energy is transported outward by convection is called the convection zone. Material is brought from the
base of the convection zone to the top of the convection zone by a series of convection cells. The top
layer of these convection cells is visible on the solar surface as granules. The regions where warmer
material rises appears brighter, and the regions where cooler material sinks appears darker. The churning
of the plasma within the convection zone also has a strong effect on the Sun’s magnetic field.

At the top of the convection zone, the solar material becomes transparent, partially from the decrease
in temperature and density, but mainly from the recombination of a substantial portion of the ionized
hydrogen and helium into neutral atoms. At this point, the photons can propagate freely without the
strong scattering that occurs within the inner layers of the Sun. This last scattering surface of the Sun is
called the photosphere and is the visible surface of the Sun. Having cooled significantly from the 15 MK
core temperature, the temperature of the photosphere is 5800 K and is responsible for the generation of
the Sun'’s blackbody spectrum.

Directly above the photosphere, the solar material cools even further to a temperature of approxi-
mately 4500 K. This first transparent layer of the Sun, the chromosphere, is responsible for generating
the absorption lines seen in the Sun’s spectrum. Analysis of the Sun’s absorption spectrum was the first
way in which the composition of the Sun, and therefore our solar system as a whole, was determined. It
has been determined that our Sun is roughly 74% H, 24% He, and 2% C, N, and O, with trace amounts
of heavier elements such as silicon, nickel, and iron. These percentages are the abundances by mass.
In the analysis shown and described in the following chapters, abundances by number of particles are
presented. In other words, the Sun is approximately 90% H and 10% He with other materials comprising
2% of the total particle population by volume.

Above the chromosphere, the temperatures begin to rise dramatically and rapidly. Within the thin
boundary between the chromosphere and the solar corona, called the transition region, the temperatures
soar from 4500 K to over 1 MK. As a result of this enormous temperature, the solar corona is forced
outward, away from the Sun. This outward expanding corona farther from the Sun becomes what is now
called the solar wind. The outward flowing solar wind creates a cavity within the interstellar medium
and distorts the interstellar magnetic field. The region of space in which the Sun’s magnetic field and the
solar wind dominate over the interstellar field and particles is called the heliosphere. What provides the
energy for this extreme heating of the coronal plasma is still under investigation. Some of the ideas and



Figure 1.2: Granulation resulting from convection seen in the Sun’s photosphere. [Image courtesy of
NASA.]




Figure 1.3: A schematic of the heliosphere. [Image courtesy of NASA]
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potential solutions are presented in the following sections.

1.2 Source of the Solar Wind and the Interplanetary Magnetic Field

The concept of an expanding solar corona is a relatively new concept, only about 50 years old, although
the suspicion that there was an emission of something other than light was first put forward by Richard
Carrington in the mid-1800's. Carrington noticed that a solar flare in 1859 was followed very closely
by a variation in the geomagnetic field. After Carrington’s first observation, it was commonly observed
that many geomagnetic storms were preceeded by solar activity. Kristian Birkeland proposed that these
storms were the result of energetic electrons produced during solar flares [Cravens, 1997]. As close as
this speculation was to how we currently view the neutral solar wind, final formulation for the idea would
have to wait until the beginning of the Space Age. The first proposals that the Sun’s corona was dynamic
and expanding outward in an electrically neutral flow were based on a study of the tails of comets. As
a comet approaches the Sun it develops a tail structure that points antisunward. Beirmann [1951] was
the first to speculate on this matter, and the theoretical framework for the expanding corona and the
term “solar wind” were first proposed in a paper by Parker [1958], who also created a model of how
this solar wind should affect the interplanetary magnetic field (IMF). The speed and density of the solar
wind were approximated by Parker based upon what would be necessary to balance the pressure of the
interstellar medium (ISM) at the heliopause. His model and approximations had to wait until 1962 when,
for the first time, direct measurements of the interplanetary plasma environment could be made by the
Mariner 2 probe [Snyder et al., 1963]. Parker had also predicted that the IMF would not be radial, but
would be dragged around the Sun and convected outward, frozen into the solar wind, resulting in a spiral
configuration within the ecliptic plane. Over large temporal and spatial scales, his model holds quite
well within the ecliptic. The “Parker Spiral” is now used often to trace particle events seen by various
spacecraft back to a specific longitude on the solar disc.

1.2.1 Solar Wind Outflow

Exactly how the slow solar wind is generated has been a long standing puzzle. The basic question of
why there is a solar wind can be answered by examining the solar corona as a collisionless fluid and
employing zeroth and first moments of the Boltzmann equation and the equation of state for the coronal
plasma. The Boltzmann equation for a collisionless fluid is

Ofs
ot

Although we know now that the heliosphere is anything but spherically symmetric, let us start with the
basic assumption that it is and consider variations only in the radial direction. Further, let us consider the

steady sqution%f; = 0, and that the coronal particles are only accelerated by the Sun'’s gravitational

+v-Ufsta - Uufs =0. (1.1)




field, i.e. E=0 andB=0. Given this, the Boltzmann equation can be expressed strictly in terms of radial
components,

of GM2 of B
UE — ’["2 . % =0. (12)
The moments of this equation are defined as
L[ df GMP o af B
/v {Udr T O} dv, (1.3)

wheren is the order of the moment of the equation, i.e. the zeroth moment resutis@orThe zeroth
moment of the Boltzmann equation is called the Equation of Continuity, and for Eq. 1.3 this is

GM3
v;i—fdv — / s— df =0, (1.4)
r r
d
. (TQpU) =0, (1.5)
d d
r2vdf£ + e (’I”Q’U) =0, (1.6)

L), (L.7)

d
pv-—+—+p-—5— =0. (1.8)
r T

Now to reduce these two moment equations. The densigind the pressure, are related by the sound
speed of the plasma. If the corona is assumed to be isotropic, the sound speed is a @b@tagt,
p

Using this relationship to modify Eq. 1.8 yields

pv7+c27+p 2 =0, (19)

=0. (1.10)
Combining this result with the Equation of Continuity as expressed in Eq. 1.7, the momentum equation

can be expressed as

GM2
=0, (1.11)




dv C? dv 20§+GMJ_

o T 70 (1.12)
02\ dv 20 — GM2
(v _ U) R Lk (1.13)

At this point, a critical radius can be defined: the radius at which the right hand side of Eq. 1.13 is zero.
This is equivalent to saying the radial distance at which the solar wind speed is equal to the sound speed
for the coronal plasma,

GM>

Now Eq. 1.13 can be rewritten as
2 2 2
(v — CS) dv = C;S (r—re)dr, (1.15)
v T
2 202
/ (v - Cé) dv = / C;’ (r—re)dr, (1.16)
v T
L2 clog () =202 i Lel 4 ¢ 1.17
2U sog(v)*QCs Og(T)+r +C7 ( )

wherec’ is the combined constants of integration. This equation is more conceptually meaningful if
andr are expressed as ratios@Q andr.., respectively:

2
;(é) —log(v):2[log(r)+%}+c”, (1.18)
v\ 21 2log (Cy) = 4 [log (1) — 1 Tel 4o 1.19
(&) - 2iom () + 2108(C) = 4 log () ~ tog 1) + 2] +.”. (1.19)

2 2 ~1
v - v _ r r "
<Cs> log (Cs> 4log <Tc) +4<Tc> + " (1.20)

There are five possible mathematical solutions for 1.20. For any solution to Eq. 1.20 to be physically
plausible,v must be near zero at smalland single-valued. The two solutions that fit these conditions
both predict a radial flow but differ significantly in the strength of the flow. One possible solution is a
“solar breeze” model in which the outward flow increases its speed through the inner heliosphere and
then begins to slow, but at all times the flow is subsonic. The other possible solution to this equation
is the acceleration of the solar plasma at the solar surface from near zero bulk velocity to about twice
the sound speed of the plasma. This model of the solar wind agrees very well with direct spacecraft
observations within the ecliptic plane [Snyder et al., 1963]. Since this solution involves a transition from
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subsonic to supersonic velocities, it must pass through the critical pointofC, atr = r., and the
integration constant must k€’ = —3.

1.2.2 Interplanetary Magnetic Field (IMF)

At high heliographic latitudes, the Parker Spiral model does not work as well owing to the fact that the
Sun does not rotate as a rigid object. The Sun instead rotates differentially with the equator rotating
faster (26 days/rev) than the poles (~35 days/rev). There has been much recent work on the IMF thanks
to the Ulysses mission and its diréetsitu measurements of the high-latitude magnetic field. The Parker
solution for the IMF at high heliographic latitudes predicts a twisted cone of uniform shape, but the
observations show that the true shape is far less regular. The clues that led to a revised model were first
found by the HISCALE instrument on the Ulysses spacecraft. Recurrent particle events normally asso-
ciated with corotating interaction regions (CIRs) were noticed at very hi@f, degrees, heliographic
latitude, but no actual CIRs had ever been seen by Ulysses at any higher latitudes than about 30 degrees
[Simnett et al., 1995].

One of the important results from the first full orbit of the Ulysses spacecraft was the further char-
acterization of the two distinct types of solar wind: the fast and slow solar wind first discovered by
Mariner 2, [Neugebauer et al., 1966], and later correlated to coronal holes, [Neupert et al., 1974]. These
two distinct flows have very different compositions, which is an indication of the temperature at which
they’re generated [Fisk et al., 1998]. For the slow solar wind, the flow speed hovers around 400 km/s,
but it is highly variable both in speed and density. The slow solar wind flows are associated with re-
gions surrounding the streamer belts in the IMF, possibly originating in the lower corona above closed
magnetic field lines. One possible mechanism for the variability of the slow solar wind proposed by
Fisk et al. [1998] involves the interaction of open magnetic field lines with closed magnetic loops at the
base of the corona. As the two magnetic field structures merge, charged particles trapped in the closed
magnetic loop are accelerated by the electric field generated by the changing magnetic flux. This is only
one of the proposed mechanisms for generating the slow solar wind. Other models suggest wave-particle
interactions are chiefly responsible.

Above regions of predominantly open magnetic field lines, known as coronal holes, the solar wind
is more constant in its speed and density, but is significantly faster than the solar wind seen above more
complex magnetic structures. Typical flow speeds for the solar wind over coronal holes are around 750
km/s. The composition of the high-speed solar wind is also very different from the slow-speed solar
wind, indicating a very different temperature of formation.



1.3 Global Chracteristics of the Inner Heliosphere

The Ulysses mission has done much to improve our knowledge of the general magnetic field structure and
particle populations within the inner heliosphere. The Ulysses spacecraft has now made two full orbits
around the Sun, one at solar maximum and one at solar minimum. We now have a general understanding
of how the basic plasma characteristics of the heliospheric medium vary throughout the 1-5 AU region
of the inner heliosphere.

1.3.1 The Solar Wind and Solar Magnetic Field

During the minimum phase of the solar cycle, the solar magnetic field was simply structured, as opposed
to the very complex structure seen at solar maximum, and several distinct regions in the heliosphere were
defined. Figure 1.4 shows the variation of solar wind speed and other parameters with heliolatitude for
the first Ulysses orbit. Notice here that the solar wind speed at low latitudes is significantly slower than
at high latitudes. The differing magnetic field geometry is primarily responsible for this difference. At
low latitudes, the solar magnetic field lines are closed, whereas at high latitudes the magnetic field lines
are open, originating from coronal holes. During this first orbit, the solar magnetic field was basically
a simple dipole; notice the field polarity depicted in Figure 1.4. These features were not surprising, but
they were nice to observe as they verify what Hundhausen [1977] has postulated from the observations
of the solar wind variations within the ecliptic.

1.3.2 Solar Energetic Particles

The solar wind is not the only source of energetic plasma in the heliosphere. There are many processes
by which the solar wind plasma can be accelerated and redirected. Some of these processes happen very
close to the solar surface, and some occur near the outer edges of the heliosphere. There are also particles
which are non-solar in origin that can invade the inner heliosphere. The solar wind particles have energies
in the 0.2-10-keV range. Various episodic processes near the solar surface and in the inner heliosphere
can accelerate these particles to 0.1-10 MeVs. These higher-energy particles, called solar energetic
particles (SEPs) can be generated by flares or coronal mass ejections (CMESs) erupting from the solar
surface. Gradual SEP events are generated by CMEs higher in the solar corona, and are large in both
spatial and temporal extent. Impulsive SEP events are more compact and are generated much closer to
the solar surface by flare activity. In terms of particle content, gradual events are typically electron-poor,
but the ion abundances are in alignment with the coronal abundances. By contrast, impulsive events tend
to have radically different compositions and can also be very electron rich [Miller, 1996].
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Figure 1.4: Polar plot of various particle and plasma data for the first full Ulysses orbit which occurred
during solar minimum. The solar wind speed was measured by SWOOPS, the magnetic field polarity
was measured by the FGM, and the GCRs were measured by COSPIN. Image courtesy of ESA.

ULYSSES

Magnetic Field Solar Wind

Polarity Speed
Negative Positive x N

Accelerated
Particles

Galactic Cosmic

e 1994

11



1.3.3 Co-Rotating Interaction Regions

When a high-speed pocket of solar wind plasma advances upon and collides with slower plasma, the
plasma pressure increases and begins to steepen into a shock when the plasma reaches a radial distance
of about 2 AU. In the collision region, the shock boundaries begin to expand, forming forward and
reverse shocks. Seen in the plasma rest frame, the reverse shock propagates sunward while the forward
shock propagates antisunward. The region of interaction co-rotates with the solar equator, a 26-day
rotation. The particles forming the shock and interaction region, however, are not co-rotating, only the
pattern of pressure and magnetic field variations. These regions can accelerate protons to energies of
a few MeVs by the shock-drift acceleration mechanism and direct these particles back into the inner
heliosphere. These interaction regions were detected by the Ulysses probe only in the lower latitudes
of the heliosphere. Above 30 degrees heliographic latitude, no CIRs were seen by Ulysses, although
recurrent particle events typically associated with CIRs were seen at latitudes as high as 80 degrees; see
Figure 1.4.

How the Ulysses spacecraft at high latitudes could see the particles generated by low-latitude CIRs
is still a bit of a mystery. There have been several suggestions of a mechanism for transporting these
particles from low to high latitudes. Fisk [1998] proposed that magnetic reconnection events could
transport the magnetic footprints of low-latitude field lines to higher latitudes, allowing inward streaming
particles from the reverse shock of a CIR to be seen at latitudes greater than 30 degrees. Jokopii et al.
[1995] suggest that the same recurrent features seen in the particle data could be explained by cross-
field drift of the energetic particles. Inward flowing particles can scatter off magnetic irregularities and
drift across field lines, migrating their way to higher latitudes. There is still much debate as to which
mechanism is the primary reason why these recurrent particle events are still seen at high latitudes.

1.3.4 Anomalous and Galactic Cosmic Rays

Although Anomalous Cosmic Rays (ACRs) and Galactic Cosmic Rays (GCRs) share the common label
of cosmic rays, their sources and acceleration mechanisms are very different. ACRs are solar particles
that are accelerated at the termination shock in the outer heliosphere and directed back sunward toward
the inner heliosphere. ACRs typically have energies of 10-1000 MeVs. GCRs, by contrast, can have
energies upwards of several GeVs. GCRs are definitely of non-solar origin and are thought to be ac-
celerated by the shockwaves of type | and Il supernovae. The access these particles have to the inner
heliosphere is strongly modulated by the level of solar magnetic activity. This produces a strong 11-year
signal in the cosmic ray fluxes seen by both ground instruments and by spacecraft such as ACE and IMP-
8 here at 1 AU in the ecliptic plane. Ulysses also noticed during the first fast latitude scan a systematic
variation of the cosmic ray flux with heliographic latitude. During the second fast latitude scan, there
was no discernible variation with latitude, but the significantly increased magnetic activity during solar
maximum greatly restricted the access to the inner heliosphere by ACRs and GCRs.
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1.4 Acceleration Processes

The solar wind ions and electrons have energies of only a few 100’s of eVs. In order to form the
more energetic particle populations described above, there must be an acceleration mechanism. How a
particle is accelerated is just as important as where the particle is accelerated when trying to determine
the nature and workings of the heliosphere. There are many different ways in which solar wind ions
and electrons can be accelerated, but we will only address three of the primary mechanisms here. These
three, DC electric fields, shocks, and plasma waves, represent the most common ways in which particles
are accelerated in the heliosphere.

1.4.1 DC Electric Field Acceleration

Acceleration of plasma via the application of a DC electric field is more complicated than a sjinple

type of single particle acceleration. In addition to tteforce, there is a drag force applied to a charge
moving though a plasma resulting from the Coulombic attraction of the other charges. This drag force
increases as the accelerated particle velocity increases from zero and reaches a maximum at the thermal
speed of the plasma. The electric field that generates a force exactly equal to the drag force for a particle
traveling at the thermal speed of the plasma is

() @) (i) | e

wherew, is the plasma frequency, and is the thermal speed [Pert, 1999, Miller, 1996]. This is called

the Dreicer electric field. There are two possible cases for the acceleration of particles in a plasma
relative to this Dreicer fieldE? > Ep, super-Dreicer, and < Ep, sub-Dreicer. Sub-Dreicer fields

have been suspected as being chiefly responsible for the acceleration of electrons up to 100 keVs, but
the electron spectra resulting from acceleration processes involving sub-Dreicer electric fields are much
harder { o« —1) than the electron spectra actually observed by Ulysses and other spacecgaftl)

for electron events [Miller, 1996]. Super-Dreicer fields are produced during reconnection of the open
magnetic field lines directly above a series of magnetic loops called an arcade; see Figure 1.5.

1.4.2 Wave-Particle Interactions

A third mechanism that can accelerate charged particles is interaction with plasma waves. If the gyrofre-
guency of the particles in a plasma is in resonance with a plasma wave, energy can be transferred from
the wave to the particles. The basic resonance condition for this energy transfer to occur is
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Figure 1.5: Magnetic arcade on the solar surface imaged by the TRACE spacecraft. [Image courtesy of
GSFC NASA]

14



w — k:Hv” - @ =0 (1.22)
Y

wherew is the wave frequencyy andv are the wavenumber and particle velocity aligned with the
background magnetic field, respectively, is the gyrofrequency of the particle species of intergss,
the Lorentz factor, andis any integer. There are two basic scenarios for this resonance condition to be
met: ¢ = 0 so thatw = kv, and/ = +1 so thatk v = ig

The ¢ = 0 resonance is called theandau Resonancir which the phase velocity and particle
velocity parallel to the background magnetic field are the same. For this case, the particle “rides” the
wavefront and is accelerated by the wave’s electric field. The amount of acceleration possible by this
process is limited by the amount of time a particle is able to remain moving in the same direction as the
wave’s electric field. If the particle is accelerated too much, then it will catch up to the wave ahead and
be decelerated by the oppositely directed electric field on the backside of the next wave. See Figure 1.6

for a schematic of this process.

Figure 1.6: A schematic representation of Landau resonance.

The resonances that occurfat +n, n # 0 correspond to the interaction between the gyromotion
of a particle and the rotating electric field of a circularly polarized wave or the oscillating electric field
of a plane wave. In either case, the electric field is normal to the background magnetic field. These are
calledcyclotron harmonic resonance8n example of this would be a case whére +1 for a circularly
polarized wave. For this case, the particle and the electric field are rotating in the same direction and at the
same rate. Therefore, the particle sees in its reference frame a constant electric field and is accelerated.

15



Figure 1.7: Schematic of cyclotron resonan€e-=(1) for a horizontally polarized electric wave.
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Another example of this type of resonance would be a case where the frequency and phase of a plane
electric wave match the gyrofrequency and phase of a particle. Figure 1.7 shows four snapshots of this
process. Here the electric field is oscillating in the horizontal plane and the particle moves in a vertical
plane. Both at the top and the bottom of the particle’s gyromotion, the particle velocity and the electric
field are in the same direction, resulting in an acceleration of the particle.

Both of these wave-particle interactions can only accelerate particles to significant energies if the
wave spectrum is rather broad so that the resonances between the particles and different waves overlap
in frequency. If the spectrum of the plasma waves is narrow, then the particles would be accelerated
only slightly and they would rapidly fall out of resonance with the surrounding waves. Most flare events,
though, produce a very broad spectrum of plasma waves, so large particle accelerations are possible
[Miller, 1996].

1.4.3 Shock Drift and Diffusive Acceleration

Among the most prevalent and efficient mechanisms for accelerating charged particles in the solar wind
to energies of 100 keV and above are shocks. A shock is a discontinuous change in the plasma pressure.
A shock can be generated by any of a number of ways. As stated above, the solar wind is a supersonic
plasma, and when this flowing plasma encounters an obstacle such as a planet, a comet, or a planet’s mag-
netic field, it slows to subsonic speed. This produces a bow shock, a region where the plasma flow speed
jumps discontinuously from supersonic to subsonic. Impulsive solar events and interactions between
solar wind streams of differing speeds can also produce shock boundaries. Across a shock boundary, the
magnetic and electric fields can change discontinuously as well as the plasma flow speed and pressure.
The orientation of the magnetic field to the flow speed of the plasma and the shock boundary determine
the nature of the shock. The three possible geometries are as follows:

1. Bis perpendicular to the shock normal unit vector, resulting in a perpendicular shock.
2. B is parallel to the shock normal unit vector, resulting in a parallel shock.

3. Bis oblique to the shock normal unit vector, resulting in an oblique shock.

Schematics of these types of shocks are shown in Figure 1.8. Most interplanetary shocks, such as those
that are associated with CIRs and impulsive events, are oblique in nature, but closer to perpendicular than

to parallel. As one moves out to farther radial distances, the shock geometries become more strongly

perpendicular as a result of the interplanetary magnetic field becoming more tangential.

Shock Drift Acceleration (SDA)

Charged particles can be accelerated by perpendicular and oblique shocks as their gyromotion takes them
across the shock boundary. The more crossings the particles make across the shock boundary, the more
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Figure 1.8: Schematic of a parallel (a) and a perpendicular (b) shock.
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energy the particles can gain. Most of the shocks seen in the inner heliosphere are obliqgue shocks with
shock angles around 85 degrees. Viewing the shock from a frame of reference co-moving with the shock
boundary, there exists an electric field perpendicular to the shock normal unit vector. Assuming that there
is no electric field in the upstream or downstream plasma, the electric field along the shock boundary is

E = —% % By, (1.23)

where the term “upstream” refers to the region ahead of the shock in the direction if the shock front
motion. It is this electric field along the shock boundary that can accelerate charged particles that cross
the boundary and experience this electric field. Figure 1.9 shows the geometry of a typical interplanetary
shock in this reference frame. The component of the velocity of the particle perpendicular to the shock
boundary is the primary factor for determining how much energy is gained by SDA. Particles moving
with a velocity similar to the shock velocity encounter a much stronger acceleration as they interact with
the shock boundary for a longer period of time.

Figure 1.9: A typical interplanetary oblique shock viewed in the shock boundary rest frame.
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Shock drift acceleration results in a variety of easily identifiable features of the particle flux time-
series and spatial distributions. Many of these identifying features are detailed in a paper by Armstrong
et al. [1985]. One feature of SDA is a strong anisotropy in the observed particle distribution. The SDA
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process only accelerated particles parallel to the shock boundary, not normal to it. Therefore, a beam type
of distribution is observed. As particles interact with the shock, they may either be reflected by the shock
boundary or be transmitted through it. An observing spacecraft will encounter the higher-energy reflected
particles before encountering the shock boundary. This increase in intensity continues for a short time
after the shock passes, but soon after a Forbush decrease is observed [Cheng et al., 1990]. The pitch
angle distribution of particles accelerated by the shock drift mechanism is also unique. Upstream of the
shock, the accelerated particles have pitch angles that reflect a more field-aligned velocity distribution,
pitch angles near zero or 180 degrees. Downstream of the shock, the accelerated particles have pitch
angles that are close to 90 degrees, perpendicular to the magnetic field.

Diffusive Shock Acceleration

Diffusive Shock Acceleration is a type of Fermi acceleration, a mechanism for accelerating particles first
proposed by Enrico Fermi in 1949 involving the “collision” between a charged particle and a magnetic
feature such as a shock or Alfvén wave. As seen in the previous section, there is a possibility of an
advancing shock reflecting an approaching charged particle. However, in the description of SDA, the
reference frame used was comoving with the shock front. In this reference frame, a reflected particle
gains no energy except through the drift mechanism; the parallel component of the incident particle’'s
velocity does not change in magnitude. This interaction seen from a frame at rest relative to the Sun will
result in an acceleration of an incident particle. If the collision is a head-on collision, then the particle
will gain energy as it is reflected from the shock surface; see Figure 1.10. This process is not unlike
striking a pitched softball with a bat, or the heating of a gas via adiabatic compression. This process is
calledfirst-order Fermi acceleratiosince the energy gain is directly proportional to the relative velocity.

The entire process and range of possible Fermi interactions is considerably more dynamic and varied
than this simple picture of a particle being “hit” by a shock. The process of Fermi acceleration is better
seen through the diffusion of a particle through phase space and how the distribution function of a par-
ticle population is affected as a result. Of course, a shock boundary is not an impermeable wall; there
is a possibility of the particle being transmitted through the shock and interacting with the downstream
plasma. A transmitted particle may collide with other particles in the plasma, with magnetic irregulari-
ties, or with Alfvén waves and undergo a random walk through the downstream plasma. Because of the
relative bulk motions of the incident particle and the shocked plasma, the probability is greater that a
particle will experience a head-on collision rather than a from-behind collision. When averaged over the
period of the random walk of the particle, this results in a net energy gain that depends upon the square of
the relative velocity. This process is callegcond-order Fermi acceleratioifhe resulting effect on the
distribution of particle energies is the diffusion of energies observed both to higher and lower energies,
with higher energies being favored.

The effect of the Fermi acceleration process on the energy spectrum of an incident particle population
is to move particles to higher energies and produce a power-law spectrum. This result can be shown by
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Figure 1.10: A simplistic cartoon of a first-order Fermi acceleration process, a head-on collision between
a shock front and a charged particle.
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considering the energy change for a non-relativistic particle. First consider the velocities seen from two
separate reference frames, one being the frame co-moving with the shock front, and the other frame at
rest relative to an observing spacecraft. In the shock frame, there is no change in a colliding particle’s
speed. Only the direction is changed such thay, = —v; s, Where the subscrighindicates the shock

rest frame. To view this interaction in a spacecraft reference frame, subs@gptbdse velocities are
altered by a simple Galilean transformation,

Ufsc = Ufsh — Ush, (124)

Visc = Uish — Ush, (125)

whereuyy, is the velocity of the shock front as seen in the spacecraft rest frame. Using these velocity rela-
tionships, the final velocity of the reflected particle as seen in the spacecraft rest frame can be expressed
in terms of the initial velocity:

Vf sc = —Visc — 2Ugh. (126)

This means that the energy gain for the reflected particle is

1

AE = §m(v)2”,sc - Uiz,sc)ﬂ (127)
1

= 3m [(—vi,5e — 2vn)? — U'?,sc] , (1.28)

= 2m(vfh — Vj,scUsh)- (1.29)

When the total energy change is evaluated over random walk through the downstream plasma that in-
cludes a large number of collisions, the first-order terr&yv; v, cancel out, but the second-order
terms,2mv?,, accumulate resulting in an energy gain for the particle.

For a reflected particle, the energy gain is affected most strongly by the first-order term since the
particle velocities will typically be significantly greater than the shock velocity. Magnetic irregularities
or MHD waves upstream of the shock can cause a particle reflected from the shock front to be redirected
back toward the shock to be reflected again. This would be analogous to a gas molecule bouncing back
and forth between two walls. If the walls are moving toward each other, the molecule gains energy.
The same is true with an interplanetary electron or ion caught between a shock front and a magnetic
irregularity or wave. If the magnetic feature or wave region and the shock front are moving closer to
each other, the electron or ion will experience a series of first-order Fermi accelerations that can result
in the particle gaining a significant amount of energy. An examination of the probability density as a
function of particle energy for first-order Fermi acceleration returns the result that the probability density
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should be a power-law function. That is, the energy spectrum for particles accelerated by first-order
Fermi acceleration will be a power law. The first step in showing this relationship is recognizing that the
particle velocities are significantly larger than the shock speed,| > |vsn|. The change in energy as

a result of a reflection from the shock front can be written as

AFE = 2mu; scUsh. (1.30)

Over time these changes of energy accumulate, but, of course, not in a continuous fashion. The rate
at which the particle energy increases can be determined by evaluating the time between interactions
with the shock front and upstream magnetic irregularities and/or waves. The time between reflections is
simply At = r/v; s., wherer is the distance between the shock front and the upstream magnetic feature
that redirects the particle back to the shock. This distance can be assumed to be constant over the period
of time that the particle is being accelerated given the fact that the particle velocities are significantly
greater than the shock speed. Averaged over many collisions, the time derivative of the particle energy is

dE 2mu;, scVsh
& o ZMiscUsh 1.31
dt T/Ui,sc ’ ( )
2mu? , vsh,
= s (1.32)
T
_ gl (1.33)

r

Integrating the above equation, the energy of the particle as a function of time is

E(t) = E,e . (1.34)
Of course at each encounter the particle only has a probability of interacting with the shock front or
magnetic feature. This means that there is also a probability of the particle not interacting and escaping
with whatever energy it has at the moment. This probability of the particle escaping is the same at each
encounter, so as a function of time, the probability of escaping can be expressed as

P(t) =exp (;) , (1.35)

wherer; is the mean time before the particle escapes. Combining equations 1.34 and 1.35, the probability
of finding a particle starting with enerdy, and being accelerated to an eneEjgan be expressed as

P(E) = L ; (1.36)

wherer, is the mean time between collisions. It can further be shown that this probability of finding
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a particle with velocityy, results in a distribution function that is also a power law function that varies
only with the shock strength,

f(v) o vo(#51), (1.37)

whereZ is the shock strength, the ratio of the fluid pressure before and behind the shock.
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Chapter 2

Spacecraft Mission Descriptions

There have been many missions to explore the heliosphere since the dawn of the space age. Most of the
early probes remained in Earth orbit and so were only capable of studying the plasma environment in
and around the Earth’'s magnetosphere. Now we have sent spacecraft to every planet, expect for Pluto,
to several asteroids and comets, and of course to our Moon. Some probes are now as far out as 85 AU,
about twice as far away from the Sun as Pluto. Among the large number of spacecraft that populate the
inner heliosphere, all but one orbit in or near the ecliptic. This means that these probes are only able to
explore the solar wind and energetic particles in the Sun’s equatorial regions. A significant advantage to
having multiple probes, some in Earth orbit, some at the L1 point, some at Jupiter, near Saturn, and in the
outer heliosphere, is that it is now possible to examine and attempt to understand the spatial variations of
solar energetic particle phenomena and their variation with radial distance.

2.1 The Ulysses Mission

The Ulysses spacecraft was launched on October 6, 1990, with the overall goal of exploring the region
of the heliosphere above and below the Sun’s magnetic poles. Very little is known about this region of
space. That which is known is inferred from remote measurements. The Ulysses mission is the first
attempt to characterize the Sun’s polar regions thraligdct, in-situmeasurements. Ulysses possesses
several particle detectors and spectrometers that cover a wide range of energies, from slow solar wind
energies to cosmic ray energies, and a magnetometer. This comprehensive instrumentation provides a
very detailed picture of the plasma environment in the heretofore unexplored heliopolar regions.
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2.1.1 Mission Goals and Objectives

The main focus of the Ulysses mission is to characterize the plasma environment in the heliopolar re-
gions of the heliosphere. There are several particle detectors, spectrometers and magnetometers that
provide data to this end. The instrument used for this current study is the Heliosphere Instrument for
Spectral, Composition, and Anisotropy at Low Energies (HISCALE). This instrument is designed to
take measurements of ions and electrons through the use of five different telescopes and eight differ-
ent solid-state detectors. The specific scientific objectives for the HISCALE instrument are as follows
[Armstrong, 1999]:

e Use low energy solar particles to monitor changes in structure of the solar corona and interplane-
tary magnetic fields, specifically as a function of heliolatitude.

e Study solar flare processes through relativistic and non-relativistic electron events and non-relativistic
ion events at a range of heliolatitudes.

e Obtain a baseline of solar elemental abundances as a function of heliolatitude and in the active
region band.

¢ Investigate propagation processes for low energy solar particles via the composition and anisotropy
components of HISCALE at a range of heliolatitudes.

e Use on-board radio measurements and non-relativistic electron events to study outward-propagating
wave-particle interactions as a function of heliolatitude.

e Compare high-heliolatitude particle acceleration processes with known acceleration processes that
occur at low heliolatitudes.

e Obtain a better overall model of heliospheric structure and dynamics so that influences upon the
terrestrial environment may be better known and predictable.

2.1.2 The Spacecraft

The Ulysses spacecraft at launch had a total mass of 367 kg including both fuel and payload, and is
spin-stabilized, rotating at 5 rpm. The major components of the spacecraft are shown in Figure 2.1.
Communications with Earth are maintained via the high-gain antenna which is situated so that the direc-
tion of maximum gain lies along the spacecraft spin axis. Also lying along the spacecraft spin axis is
an axial boom antenna used by the Unified Radio and Plasma Wave experiment (URAP). This axial an-
tenna has resulted in a nutation of the craft which exceeded the ability of the passive nutation dampers to
manage. The nutation is episodic and suspected to be due to the non-uniform solar heating of the boom.
On board software (CONSCAN) has been successfully used to manage the episodes of strong nutation
during the Fast Latitude Scan in 1994 and 1995. Another episode occurred inE28A12D00]. The
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Figure 2.1: Schematic of the location and orientation of the major components of the Ulysses spacecraft,
illustration courtesy of ESA.
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power source for the spacecraft is a Radioisotope Thermal Generator (RTG) which provided 280 W of
power at the beginning of the mission and diminished to 220 W in December EEX 2000]. The

RTG uses Pu-238 to generate 4500 W of thermal energy which is converted to electrical energy via sev-
eral Si-Ge thermoelectric devices. The main point of concern about the RTG for this study is the gamma
ray induced contamination of the Si detectors’ recorded counts. This topic is discussed later in Section
3.1. Most of the scientific experiments are housed in the main body of the spacecraft. The HISCALE

instrument is located on one of the corners of the main body opposite the RTG as shown in Figure 2.2.

Figure 2.2: Instrument locations on the Ulysses main body, illustration courtesy of ESA.
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2.1.3 Trajectory

The Ulysses trajectory is unique among current interplanetary probes. Ulysses is the first and, as of
the writing of this document, the only probe to be set in a heliopolar orbit. Using the gravitational
field of Jupiter, Ulysses entered an orbit nearly perpendicular to the ecliptic plane. For the first time,
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scientists have been able to directly observe the magnetic field and plasma environment over the Sun’s
poles. Figure 2.3 shows a stylized representation of the Ulysses orbit. Ulysses first passed over the Sun’s
southern pole in mid-1994, and the first pass over the Sun’s northern pole occurred in mid-1995. The
second south polar pass occurred in late 2000 and the second north polar pass occurred in late 2001.
For more details about the mechanics of the Ulysses orbit, visit the European Space Agency website at
http://helio.estec.esa.nl/ulysses/.

2.2 The Advanced Composition Explorer (ACE) Mission

The Advanced Composition Explorer (ACE) was launched in August of 1997 with the primary task
of monitoring the elemental, isotopic, and ionic charge-state composition of energetic particles in the
nearby interplanetary medium (IPM). These particles originate from three major sources: the Sun, the
nearby interstellar medium, and other galactic sources. ACE, like the Ulysses craft, carries a collec-
tion of different instruments designed to measure particle energies rangingtéteV/nuc to~500
MeV/nuc. ACE, unlike Ulysses, will remain within the ecliptic plane at the L1 point, about 0.99 AU
from the Sun.

2.2.1 Mission Goals and Objectives

Most of the goals and objectives for ACE involve compositional and origin studies of the various particle
populations that are found in the near IPM. These goals are as follows [Stone et al., 1998]:

e Determine the solar isotopic abundances through direct sampling of solar material,

e Determine the elemental and isotopic composition of the solar corona, interplanetary pick-up ions,
and anomalous cosmic rays,

e Explain the formation processes for the solar corona and the acceleration of the solar wind, and

e Characterize the mechanisms of energetic particle acceleration and transport in the heliosphere.

2.2.2 The Spacecraft

The Advanced Composition Explorer was launched on August 25, 1997, by a Delta Il rocket from Cape
Canaveral Air Station. In similar fashion to Ulysses, ACE is spin-stabilized, rotating at a rate of 5 rpm.
ACE, however, only has about half the mass of Ulysses, 156 kg. The significant difference in weight is
primarily the result of the power systems employed by ACE. ACE will remain at the first Lagrange point,
L1, at a distance of 0.99 AU. This permits ACE the luxury of using solar panels for power generation
whereas Ulysses is reliant upon RTGs. There are nine different instruments on the ACE spacecraft, the
locations of which are shown in Figure 2.4. The spacecraft was designed to provide at least 90% coverage

29



Figure 2.3: Orbital trajectory for the Ulysses spacecraft; illustration courtesy of ESA.
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over a 2 to 5 year period. As of the writing of this document, ACE is in its 5th year of operation and
still appears to be functioning adequately. There are some troubles with a couple of the detectors on the
EPAM instrument which will be detailed later in this chapter, but the ability to achieve the main mission
objectives stated in the previous section remains intact.

2.2.3 Trajectory

ACE was placed in a halo orbit around the L1 point; see Figure 2.5. This keeps ACE along a direct line
between the Earth and Sun even though ACE is about 0.01 AU closer. Being in this location allows ACE
to monitor the status of the solar wind and relay data back to Earth with about an hour lead time. The L1
point is not a stable point of equilibrium and attitude corrections must be performed approximately once
every five days. The necessity for weekly course corrections limits the maximum duration of the ACE
mission to about 5 years, at which time the hydrazine propellant used by ACE will be consumed.

2.3 The EPAM and the HISCALE Instruments

The Electron Proton Alpha Monitor (EPAM) on board the Advanced Composition Explorer (ACE) is

the flight-spare of the Heliospheric Instrument for Spectra, Composition, and Anisotropy at Low En-
ergy (HISCALE) on board Ulysses. Therefore, aside from some minor issues, the two instruments are
identical. The physical parameters (energy passbands, geometric factors, etc.) are nominally identical.
The main difference between the two instruments in terms of data reduction is in the background rate.
The nominal background rates for the HISCALE detectors are generally greater than those for EPAM
and differ from head to head as a result of their spatial relation to the radiothermal generators (RTG),
whereas the EPAM detectors all have the same background rates. Both instruments were designed and
flown with the same goal in mind, investigating the composition of the interplanetary medium. Detailed
discussions of these goals are in Sections 2.1.1 and 2.2.1.

2.3.1 The Hardware and Detector Types

There are five main telescopes on the EPAM and HISCALE instruments, the composition aperture (CA),
two low energy magnetically shielded telescopes (LEMS30 and LEMS120) and two low energy foil
shielded telescopes (LEFS60 and LEFS150). A schematic of these five telescopes can be seen in Figure
2.6. The name of each telescope is representative of the type of shielding that is used and its look
direction relative to the spacecraft spin axis. For example, LEMS30 is magnetically shielded and its look
direction is 30 degrees off the spin axis, whereas LEFS150 is foil shielded and its look direction is 150
degrees off the spin axis. At the base of the two LEMS and the two LEFS telescopes lie 2000-micron
solid-state wafers that serve as the detecting devices. The detectors at the base of the CA telescope
are not used by the MF Spectrum Analyzer (MFSA) and will not be discussed here. For further details
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Figure 2.4: An exploded view of the Advance Composition Explorer and its instruments, illustration
courtesy of California Institute of Technology.
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Figure 2.5: ACE trajectory from launch to halo orbit insertion, illustration courtesy of California Institute
of Technology.
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Figure 2.6: LEMS30/LEFS150 and LEFS60/LEMS120 Telescope Assemblies for EPAM and HISCALE
[Lanzerotti, 1992].
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about the CA telescope and other features of the EPAM and HISCALE instruments, Eiystes Data
Analysis HandboofkArmstrong, 1999].

The low energy Magnetically Shielded (LEMS) Telescopes

The LEMS30 and LEMS120 telescopes use a magnetic field to shield the M and M’ detectors, respec-
tively, from any incoming electrons. Figure 2.6 shows the two detectors and the location of the shielding
magnets. In the rendition of the LEMS120 telescope, the magnetic field runs from the top pole to the
bottom, and in the rendition of the LEMS30 telescope, the magnetic field is directed into the page. The
detector/field configuration is the same for both the EPAM and the HISCALE instruments. The shielding

magnetic field of the LEMS30 telescope directs the incoming electrons toward the bottom detector in the
CAB60 stack, whereas the electrons entering the LEMS120 telescope are allowed to impact the wall of
the telescope housing.

One concern with the LEMS120 telescope is the effect of the electrons scattered from the telescope
housing on the observed count rates in the M’ detector. It is conceivable that a scattered electron with
sufficient energy could be incorrectly interpreted by the detector as a proton. Modeling of this process has
shown that this is an unlikely event [Gomez, 1996]. Another possible source of electron contamination
of the M and M’ detectors is the arrival of an electron energetic enough to not be deflected sufficiently by
the shielding magnetic field and striking the detector. The energy of an electron capable of this, however,
is significantly higher than the penetration energy of the detector. Such an occurrence is ignored by the
detector electronics as is explained in later sections.

The electrons that are deflected by the shielding magnetic field in the LEMS30 telescope are detected
by the B detector at the base of the detector stack for the CA60 telescope. The counts measured by
this detector are recorded in the four DE (Deflected Electron) channels and can be assumed to be only
electrons. This provides a way of directly verifying the electron energy spectrum obtainable from the F
and F’ detectors as will be shown in Section 3.2. It should be noted here, even though the point will be
made again later, that the agreement between the electron energy spectrum obtained using the DE rates
will only be valid when the electron population is isotropic with respect to the polar angle.

The low energy Foil Shielded (LEFS) Telescopes

The LEFS60 and LEFS150 telescopes utilize a 2000-micron aluminum foil to block low energy ions. The
foil does a modest job of this, but does not work well at all for shielding higher energy ions with energies
about 300 keV-nuc! or greater. Because of this leakage of higher energy ions through the foil shield, the
counts recorded by the F and F’ detectors are not exclusively electrons, even at low energies. The ions that
pass through the foil deposit energy into the detector that, of course, does not match the incident energy,
but is monotonically related to the incident energy. Details on this relationship are given in Section 3.2.
Another source of contamination is the forward scattering of electrons by energetic ions incident on the
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foil shield. One way to obtain an estimate of the number of counts attributable to this phenomenon is to

compare the F and F’ data, corrected for the contributions of ions incident on the detector, with the DE

data. When the electron distribution is isotropic, the two means of measuring electron counts should be
in good agreement. If forward-scattered electrons provide a significant contribution to the count rates in

the F and F’ detectors, it will be readily apparent when compared to the DE data.

LEMS/LEFS Detector Pairs

The four telescope-detector assemblies are arranged such that each magnetically shielded telescope is in
180 degree alignment with a foil shielded telescope. LEMS30 and LEFS150 form one pairand LEMS120
and LEFS60 form the other pair. The detectors associated with these telescopes are linked logically by
serving as a veto detector for one another. For example, if a particle has sufficient energy to penetrate the
M detector at the base of the LEMS30 telescope, it will also deposit energy in the F detector at the base
of the LEFS150 telescope. When this occurs, the voltage pulse produced by the penetrating particle in
the detector electronics is ignored and not recorded as a valid count. Each species of particle has its own
penetration energy. Therefore, actual energy passbands for each species are different. At the very highest
energies, only particles with Z>1 are detected. Protons and electrons will penetrate the detectors at the
highest energies detectable by the HISCALE and EPAM detectors. The electrons will only be recorded

if their energy is less than about 400 keV. Determining the penetration energy for electrons, however, is
not as straightforward as it is for the ions. lons tend not to scatter strongly within the detector and their
paths through the detector can be assumed to be straight and normal. Electrons, on the other hand, do
scatter strongly as they pass through the detectors. A method for determining the effective penetration
energy for the electrons is given in Section 3.2.

2.3.2 On-Board Data Processing and Data Format

There are two processes by which particle count rates are detected: by banks of analog operational
amplifier discriminators and by a digital pulse height analyzer. The discriminators provide high time
resolution, ~5.5 sec, but only seven or eight energy channels. The pulse height analyzer (PHA) is used
as part of the MF Spectrum Analyzer (MFSA) to provide 32 energy channels, but is limited in its time
resolution to 17 minutes. Since the time scale for many events of interest to this present study are on the
order of an hour or larger, the MFSA data are preferable. In Chapter 3, a method of obtaining twelve-
point electron energy spectra using the MFSA data is presented. This provides a three-fold improvement
in the energy resolution over the deflected electron (DE) detector rates obtained through discriminators.

Discriminator Rate Channels

All five detector heads use banks of operational amplifier discriminator circuits to correlate the voltage
pulse induced in a detector wafer by an incoming energetic particle with an amount of energy deposited
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in the wafer. The energy thresholds for the energy bins of the various detectors are given in Table 2.1. The

Table 2.1: Energy thresholds for the various discriminator rate channels [Armstrong, 1999].

Channel Ej.,(keV) Epign(keV) E,q(keV) Geometric Factorc(n 2 strad)

P1 54 82 67 0.428

P2 82 122 100 0.428

P3 122 195 154 0.428
P4 195 316 248 0.428
PS5 316 570 424 0.428
P6 570 1040 770 0.428
P7 1040 1800 1368 0.428
P8 1800 5000 3000 0.428
El 40 65 51 0.397

E2 60 107 80 0.397

E3 107 170 135 0.397
E4 170 280 218 0.397
FP5 400 600 490 0.397
FP6 600 1050 794 0.397
FP7 1050 5000 2290 0.397
w1 480 966 681 0.1083
W2 968 1204 1080 0.103
W3 389 1278 705 0.103
W4 1277 6984 2986 0.103
W5 465 1709 891 0.103
W6 1709 19107 5714 0.103
w7 239 840 448 0.103
w8 840 92663 8823 0.103
Z2 700 >5000 1900 0.279
DE1 38 53 45 0.11

DE2 53 103 74 0.14

DE3 103 175 134 0.18

DE4 175 315 235 0.24

lower three channels of the LEFS detectors are listed as “electrons-only” in the spacecraft documentation
[Armstrong, 1999], but there is contamination by ions energetic enough to penetrate the foil shield.

The decontamination of these channels is discussed in Section 3.2. The discriminator channels provide
excellent time resolution and are ideal for analyzing small time-scale features, such as event onsets.
However, the coarse energy resolution restricts information about the morphology of the energy spectra.
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MF Spectrum Analyzer

The MFSA provides 32 energy bins for the M, F, M’ and F’ detectors, but at the sacrifice of time resolu-
tion. The accumulation cycle for the MFSA is around 17 minutes, so event features with time scales of
about an hour or less are not resolvable. Having higher energy resolution, though, reveals details of the
energy spectra that are not obtainable from the discriminator channels. The passband energy thresholds
are shown in Table 2.2.

2.3.3 Instrument-Specific Problems

Although the HISCALE and EPAM instruments are identical in design, there are some environmental
conditions that require unique treatment. The power source for ACE is an array of solar photovoltaic
collectors, whereas the power source for Ulysses is a radioisotope thermoelectric generator (RTG). The
RTG produces a spray of gamma rays that contribute strongly to the low energy background counts. An-
other difference between the two instruments that must be considered is their location in the heliosphere.
ACE is in the ecliptic and relatively close to the Sun, 0.99 AU, whereas Ulysses is in a heliopolar orbit
which takes the spacecraft through the full range of heliolatitudes and radial distances of about 1.3 AU to
5.2 AU. There are some troublesome solar X-ray influences in the LEMS30 detector for both instruments
at times.

Radiothermal Generator Background in HISCALE

The RTG used by Ulysses produces a spectrum of gamma rays that penetrate the side walls of the four
telescopes. These gamma rays Compton-scatter electrons in the wafer or neighboring hardware which
then may be recorded by the detector electronics as a count. The gamma ray spectrum measured in a
pre-flight test and the induced rates in the various HI-SCALE detectors were recorded for a 120-second
accumulation. These data were recorded in 1984 and the spacecraft was launched in 1990, so the gamma
ray spectrum of the RTG has changed slightly as a result of the changing abundances of the radioisotopes
within the RTG; but the rate of change is slow, and not significant over even the ten-year duration of the
Ulysses flight so far. Therefore, for the purposes of this study, the RTG-induced rates were assumed to
be constant throughout the mission. A full discussion of this and other background rate issues can be
found in Section 3.1.

Solar X-Ray Noise in EPAM and HISCALE at Perihelion

During half of the spin of the spacecraft, the LEMS30 telescope is exposed directly to the solar disc and,
therefore, solar X-rays. For EPAM, this is a constant problem, but for HISCALE it is only troublesome
when the spacecraft approaches perihelion. The counts in the lower discriminator channels are severely
elevated in sectors 1 and 4 for the EPAM instrument. Sectors 2 and 3 are unaffected since the telescope
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Table 2.2: MFSA Channel Energy Passbands [Armstrong, 1999].

Ch# E (keV)
L 13.6330
1H2L  16.5094
2H3L  19.9929
3H,4L 24.2124
4H5L  29.3237
5H,6L 355157
6H,7L  43.0174
7H.8L  52.1064
8H,OL  63.1193
9H,10L 76.4646
10H,11L  92.6376
11H,12L  112.239
12H,13L  135.999
13H,14L  164.801
14H,15L 199.720
15H,16L 242.061
16H,17L  293.407
17H,18L  355.682
18H,19L  431.224
19H,20L 522.872
20H,21L  634.081
21H,22L  769.048
22H,23L  932.881
23H,24L  1131.79
24H,25L 1373.35
25H,26L  1666.76
26H,27L  2023.25
27H,28L  2456.48
28H,20L  2983.13
29H,30L  3623.52
30H,31L 4402.47
31H,32L 5350.28
32H  6503.03
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has turned away from the solar disc slightly during these portions of the spin. The counts in the MFSA
channels, however, remain elevated over the entire spin, and the effect is not limited to the low energy
channels. The reason for the differences in response between the two methods of recording counts is
that the discriminators have a high duty cycle. That is, even when the circuit is driven at maximum
input voltage, the amount of dead time is very short. Since the MFSA makes use of an analog-to-
digital converter (ADC), the duty cycle is significantly lower. The storage capacitors of the ADC cannot
discharge rapidly enough to be set for the next sector of data and the count rates “bleed” over from one
sector to another. For this reason, the MFSA data from LEMS30 on EPAM is unusable.

For HISCALE, the saturation is not as severe. Only sectors 1 and 4 of LEMS30 show signs of satura-
tion by solar photons. Sectors 2 and 3 are unaffected. The difference in response between HISCALE and
EPAM can be attributed to the radial distances of the two spacecraft. At perihelion, Ulysses is still ap-
proximately one and a half times further away from the Sun than ACE. As a result, the solar photon flux
seen at Ulysses is about half that seen by ACE. As Ulysses moves away from perihelion and its distance
from the Sun increases, the photon contamination of LEMS30 is significantly reduced and ceases to be
an issue. Since the times at which photon contamination is an issue can be easily identified by comparing
the measured spectra of sectors 1 and 4 with sectors 2 and 3, the full range of energy resolution can be
used for LEMS30 at all locations in the Ulysses orbit. During the fast latitude scans, some directionality
information at low energies is lost since sectors 1 and 4 are unusable during these times. The mid- to
high-energy channels of LEMS30 are usable at all times.

LEFS150 Malfunction on EPAM

In 1998, late in day 78, the LEFS150 detector on EPAM began to malfunction. The count rates at
low energies soared upwards by as much as four orders of magnitude. As a result, the data from the
LEFS150 detector were deemed too contaminated for use and subsequent data, although still collected,
are ignored. This leaves only two detectors, LEFS60 and LEMS120, that remain fully functional on
EPAM. This eliminates the possibility of studying radial anisotropies at ACE using the EPAM MFSA
data, but still leaves the opportunity to study tangential and meridional anisotropies. Figure 2.7 shows
the count rates for channels 1-8 of the LEFS150 MFSA data at the time of this malfunction.

2.4 The IMP-8 Spacecraft and CPME Instrument

The Interplanetary Monitoring Platform (IMP-8), a.k.a. Explorer 50, was launched on October 26, 1973,
with the purpose and goal of monitoring the energetic particles and magnetic fields in the interplanetary
medium and the Earth’s magnetosphere. IMP-8 has several instrument clusters to fulfill this goal. The
instrument used by this study is the Charged Particles Measurement Experiment (CPME). IMP-8 orbits
the Earth at a distance of 25 to 45 Earth radii roughly within the ecliptic plane. Much to the disappoint-
ment of many space scientists studying the inner and outer heliosphere, tracking and data acquisition for
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Figure 2.7: EPAM LEFS150 MFSA rates for channels 1-8 in early 1998 at the time of the LEFS150
malfunction.
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IMP-8 was recently suspended. IMP-8 has provided the longest continuous monitoring of solar energetic
particles at 1 AU ever collected. It has served as a baseline for analyzing radial and latitudinal variations
and still remains the authoritative long-term dataset for the plasma environment at 1 AU. There are cur-
rently plans for a replacement to IMP-8 that will monitor the same ranges of energy and orbit in the same
general regions, but as of this writing, no replacement yet exists.

2.4.1 Spacecraft and Trajectory

The IMP-8 spacecraft spins at a rate of 24 rpm on an axis roughly perpendicular to the ecliptic plane in
efforts to maintain its stability. The orbit of the spacecraft was originally intended to be circular with a
radius of 35 Earth radii, but the orbit became much more elliptical than intended. Soon after insertion, the
orbit had an eccentricity of approximately 0.28 with its perigee at 25 Earth radii and its apogee at 45 Earth
radii. The orbit since has become more circular, but the inclination of the orbit relative to the ecliptic
plane, originally intended to be zero, varies between zero degrees and 55 degrees with a period of several
years. This orbit fully exposes the spacecraft to the solar wind and interplanetary medium approximately
60% of the time. The remaining 40% of the time is spent within the Earth’s magnetosphere and briefly
within the Earth’s magnetotail. The data coverage for IMP-8 has been excellent. From launch to the
early 1980'’s, the data coverage was at 90%. In the 1980’s until the mid-1990’s the coverage had slipped
to about 60%. Since the mid-1990’s, though, the data coverage has been back at about 90%. The IMP-8
spacecraft has provided the space science community with one of the longest and most complete time-
series datasets on the in-ecliptic solar energetic particles at 1 AU. It has been an invaluable instrument
for examining the long-term trends and behavior of solar phenomena. It has also served as a baseline
for distant heliospheric probes such as the Voyager probes and Ulysses. These data and details are
available on the Goddard Space Flight Center’s National Space Science Data Center (NSSDC) website,
http://nssdc.gsfc.nasa.gov/database/MasterCatalog?sc=1973-078A.

2.4.2 Charged Particle Measurement Experiment

The Charged Particle Measurement Experiment (CPME) was designed to monitor the proton, alpha and
electron flux in the environments visited by the IMP-8 spacecraft. The instrument is composed of three
solid-state wafer detectors surrounded by a scintillator cup for anticoincidence filtering. The scintillator
cup is used to veto counts produced in the solid-state detectors by energetic particles that penetrate the
housing of the instrument and strike the detectors obliquely instead of passing though the Proton-Electron
Telescope (PET) aperture. The CPME package measures protons having energies from 0.3 MeV to 500
MeV, alpha particles having energies from 2.0 MeV to 200 MeV, and electrons having energies from 0.2
MeV and 2.5 MeV. Figures 2.9 and 2.8 are illustrations of the CPME package and the PET telescope
and detector assemblies. Table 2.3 provides the threshold energies and geometric factors for the energy
channels of the CPME instrument.
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Figure 2.8: The Charged Particles Measurement Experiment (CPME) instrument on board IMP-8, illus-
tration courtesy of John Hopkins University Applied Physics Lab (JHU/APL).
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Figure 2.9: The Proton-Electron Telescope (PET) on board IMP-8, illustration courtesy of JHU/APL.
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Table 2.3: Summary of the CPME detector energy passbands and geometric factors [Armstrong, 1976].

Species Channel Lower Threshold Upper Threshold Geometric Factor

(MeV/nuc) (MeV/nuc) (cristr)
Protons P1 0.29 0.50 151
Protons P2 0.50 0.96 1.51
Protons P3 0.96 2.00 1.51
Protons P4 2.00 4.60 1.51
Protons P5 4.60 15.0 1.51
Protons P7 15.0 25.0 0.32
Protons P8 25.0 48.0 0.32
Protons P9 48.0 96.0 0.32
Protons P10 96.0 145.0 0.32
Protons P11 145.0 440.0 0.32
Alphas Al 0.59 1.14 1.51
Alphas A2 1.14 1.80 1.51
Alphas A3 1.80 4.20 1.51
Alphas A4 4.20 12.0 1.51
Alphas A5 12.0 28.0 0.32
Alphas A6 28.0 52.0 0.32
Z >3 Z1 0.70 3.30 1.51
Z>6 Z2 1.45 3.30 1.51
Z>20 Z3 3.10 8.80 1.51
Z >3 Z4 6.0 105.0 1.51
Electrons E4 0.22 2.5 1.51
Electrons E5 0.50 2.5 1.51
Electrons E6 0.80 25 1.51
Electrons DE45 0.22 0.50 1.51
Electrons DE56 0.50 0.80 1.51
Protons M 35 00 20 cn?
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Chapter 3

Data Reduction and Analysis
Procedures

3.1 Determination of the Background Rates for EPAM and HIS-
CALE

The Ulysses Heliosphere Instrument for Spectral, Composition and Anisotropy at Low Energies (HIS-
CALE) and Advanced Composition Explorer (ACE) Electron Proton Alpha Monitor (EPAM) detector
assemblies rely upon singles rates in simple detector assemblies in order to observe the energy spectra
of E > 30 keV electrons and ions. At higher energies, above 400 keV, multiple detector coincidences
are used to define more selective passbands for ions. Nevertheless, the singles channels are much more
sensitive, having larger geometrical factors and lower energy thresholds. Accurate determination of the
background response is critical to extracting the maximum information from both HISCALE and EPAM.

The problem of finding the correct background values for the MFSA data from HISCALE and EPAM
has been studied for some time. Some early work on the issue was done by Simnett [1994] and Tappin
[1994]. One of the simplifications in previous attempts to determine the background rates has been the
assumption that these rates are constant. They are not. The major contributors to the background rates
in the HISCALE and EPAM MFSA data are galactic cosmic rays (GCR). The GCRs are, of course,
modulated by the 11-year solar cycle. Figure 3.1 shows the effect of this modulation very well. The
clustering of low fluxes, daily averaged, shows the background. Note that these rates are largest in 1976,
1986, and 1996 (sunspot minima), and lowest in 1980, 1988, and 2000 (sunspot maxima). The result
of this modulation, as it affects EPAM and HISCALE, is to alter the level of the background levels of
the MFSA data. The background rates seen in EPAM and HISCALE should be greater during solar
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Figure 3.1: Time series of IMP-8 P11 channel.
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minimum than during solar maximum.

The most common method used to determine the background rate is to examine the raw data and
search for low, slowly varying or nearly constant rates. This method greatly restricts the range of times
for which the background rates can be known. The method that we have employed and that we describe
here is a method by which the foreground rates are determined through the use of essentially background-
free CA60 data subtracted from the MFSA data. This results in a first approximation of the background
counts resultant from the GCRs. Subtracting the GCR contributions yields the counts resultant from the
RTGs. The major benefit to this method is that it can be employed at all times. This results in a much
more complete time series of background-corrected rates.

3.1.1 Computational Methods

The method we use to calculate the background rates is based on the process of calculating the known
contributions to the total MFSA rates. The MFSA rates are singles with anticoincidence conditions

to establish that the energies measured are the total energies of stopped particles [M' ~F', M ~F, F
~M, F' ~M’]; see Figure 2.6. The first step is to use the composition aperture (CA) channels W1 and
W2 to determine the number of counts that occur in the LEMS MFSA channels that correspond to the
total energies of the protons that W1 and W2 measure. Figure 3.2 shows the MFSA energy calibration
compared to the W1 and W2 passbands. Note that the W1 passband, 0.480 to 0.966 MeVs, corresponds
to MFSA channels 19.5 to 23.2, and the W2 passband, 0.966 to 1.40 MeVs, corresponds to MFSA
channels 23.2 to 24.3. Table 3.1 contains the energy thresholds and geometric factors for these channels.
The same passbands are valid for both the EPAM and the HI-SCALE instruments. The WART data
are known to be solely protons, and, as a result of the detector’s coincidence logic, virtually free of
background. This enables the independent determination of the number of protons present at a given
time. The W1 and W2 data are compared to the integral rates in the corresponding LEMS120 MFSA
energy channels, adjusted for the different passbands and geometric factors of the detectors, of course.
To avoid complications associated with X-ray contamination in LEMS30, only LEMS120 counts are
used to determine the omnidirectional background rates. Let us call thesé\Watesd LW?2, for the

"LEMS predictedV1andW2 counts."LW1landLW2are calculated in the following manner:

E X3 - FE ow
LWl = K 19,high — —W1,! ) “MFSAjg+ MFSAs + MFSAy (3.1
E19.high — E19,10w

E ioh — I
+]V[FSA22 + ( W1,high 23,1011}) -MFSA23:| . ( gwi > 7
Es3 high — E23 10w JLEMS

E ioh — I
LW2 = [( 23,high W”O”) - MFS Ay (3.2)
E93 nigh — E23.100
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+ < W2,high 24,lm;) . MFSA24:| . < gwi > ’
E24 high — Fa4low JLEMS

where the subscripts refer to the MFSA channel number. There are several contributions to the MFSA
rates within this range of energies: foreground protons, foregr@midparticles, and GCR-induced
background. These contributions are summarized in the following two equations:

IW1=Wlgz_1+ LW1Z22z+1 + LW1lbgcr 3.3)
IW2=W2z_1 +LW2Z25+1 + LW2bgcr (3.4)

Table 3.1: Energy passbands and geometric factors for the HISCALE channels used by this study
[Armstrong, 1999].

Channel  Ejo(keV)  Epia(keV)  Epign(keV)  g(em?sr!)

w1 480.0 680.9 966.0 0.103
w2 968.0 1079.6 1204.0 0.103
z2 668.0 1875.2 5264.0 0.279
MFSA,,  431.224 474.842 522.872 0.428
MFSAy  522.872 575.798 634.081 0.428
MFSAy, — 634.081 698.311 769.048 0.428
MFSAy  769.048 847.013 932.881 0.428
MFSA,;  932.881 1027.53 1131.79 0.428
MFSAy, — 1131.79 1246.73 1373.35 0.428

The result is that the equivalent MFSA rate®y1andLW2, exceed the measur&il andW2rates
becauséW1landLW2have bothz>1 and background contributions. Subtractiftg@ andwW2from LW1
andLW?2yields the counts ihW1andLW2that are not resulting from protons within the 0.5 to 1.2-MeV
range.

Although after subtraction the counts in the MFSA data that are not the result of protons are known,
these counts are still not all resulting from the background-inducing GCRs. The LEMS detectors are also
sensitive to alpha and>2 particles. The Z2 channel of the CA-60 records counts fforh particles.
However, the Z2 passband is very broad, having a lower energy threshold of 668 keV and an upper
energy threshold of 5264 keV, and is not conveniently segmented into energy ranges as the WART data
are. The solution to this is to make the assumption that the spectral exponentZoitparticles is the
same as for protons. From this, a power-law function can be determin&ad foparticles using the Z2
rate data.

Fluxz~1 = AzoE” (3.5)
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Figure 3.2: MFSA energy passbands and the correspondence to the W1, W2, and Z2 energy passbhands.
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A
72= 22 (B0 — B (3.6)

v+1
Z2 - 1
— Az = (v + (jﬂ) 3.7)
(EZ2,h7lgh - EZZ,low)
where~y is found using- WlandLW2in the following manner:
lOg LW1
N = (sz) (3.8)

o E 1,mi
log (EXQZmiZ )
The above equation fa&2 can now be solved to find the flux constadt. With A5 andy known, the
Z>1 rates inLWlandLW2, LW1Z2andLW2Z2respectively, can be calculated as follows:

Az (v+1) (v+1) gw1

Lw1z2 = v+1 (EWLhz'gh - EWl,low) : 972 (39)
Az (v+1) (v+1) gw1

LW2Z72 = BT — B = 3.10
v +1 ( W2 high W2,low) 972 ( )

Subtracting th&z>1 counts fromLW1 and LW?2 finally results in the true background rates within the
range of energies represented by MFSA channels 19 througivW2¥handLW2h

LW1b=LW1-W1—LW1Z2 (3.11)

LW2b=LW2 - W2 — LW2Z2 (3.12)

The resulting values fotW1band LW2bstand on their own logically, but separate verification of
these results is certainly preferable. Such verification is obtainable through the Charged Particle Mea-
surement Experiment (CPME) instrument on-board the Interplanetary Monitor Platform (IMP-8). IMP-8
is in Earth orbit at an average distance~of30 Rr [Armstrong, 1976]. Although Ulysses and IMP-8
are not flown in the same region of the heliosphere, the GCR flux measured by IMP-8 does an excellent
job of predicting the magnitude of tHavV1bandLW2bvalues calculated above. Figure 3.3 compares
the raw time-series of IMP-8's P11 (145 MeV8s<440 MeVs) and theWlbandLW?2bdata. The only
difference between the three time series is a constant multiplicative factor. At the energies for which the
above analysis is done, the only contributor to the background is assumed to be GCRs, since the mod-
eled RTG induced rates fall off rapidly past MFSA channel 18 [Gomez, 1996]. Therefore, the IMP-8 data
serve as great indicators of the high energy MFSA background as seen in Figure 3.3. One very critical
assumption that must be made in comparing the two data sets is that the foreground flux of particles for
the MFSA and CA data are isotropic. This analysis hinges upon the flux of particles seen by LEMS30,
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Figure 3.3: Time series of IMP-8 P10W1h andLW2b.
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LEMS120, and the CA being identical. The spikes in tN¢lbandLW2bvalues seen in Figure 3.3 are
the result of anisotropic events. For the determination of background rates, these spikes can be safely
ignored since they are the result of foreground activity.

It was determined that thaW1bvalues were 57% of the IMP-8:P11 flux. Although a similar multi-
plicative factor could also be used to model tWg2bvalue, we instead chose to use a standard spectrum
for the background rates, and use ttW1bvalue to determine thew2h The premise was that if the
modeling ofLW2bwas successful in its agreement with the observed data, the assumption of the type of
energy spectrum for the background rates is valid.

The model for the GCR component to the overall MFSA background spectrum was obtained from
quiescent EPAM data. The assumption made at this point was that the shape of the background spectrum
would remain unchanged as the overall flux of GCRs increases or decreases, so that the time variance of
the background rates is unimportant at this step. The shape of the EPAM background spectrum during
days 359 to 362 of 1997 was found to resemble the following curve:

(E —b)°-exp (ﬁ) —e

whereA is a normalization factor to be determined later. For the range of dates given abovesBnd
the values for the parametessthroughf, are presented in Table 3.2. The resulting model spectrum and
the data upon which it is based are shown in Figure 3.4.

REPAM—back'g'roun,d(Ea t) = A(t) !

- fl, (3.13)

Table 3.2: Fit parameters for the modeling of EPAM background rates.

Parameter Value

a 5000

b -23.5

c 1.69

d 23.9

e -0.897

f -0.00174

This mathematical description of the shape of the GCR-induced background spectrum seen by EPAM
was used as a basis to determine the GCR-induced background spectra for times throughout the Ulysses
mission. To do this, the model spectrum was integrated over the W1 passband, and was compared to 57%
of the IMP-8 rates. The ratio of the integrated spectrum and 57% of the IMP-8 rates, therefore, serve as
the normalizationA, for the time-varying GCR-contributed background spectra. The test of this method

is to check that it predicts the correct valud 8§2h Figure 3.5 shows the result of these calculations and
comparisons. It is evident from the graph that the predicted valueg/@bare in excellent agreement

with the measured values. The sole place in which there is significant discrepancy between the IMP-8
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Figure 3.4: EPAM background rates for days 359 to 362 of 1997 and the modeled GCR contribution to
the MFSA background spectrum.
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rates and the calculated Ulysses background rates is during the time of Ulysses’ first fast latitude scan
from day 257 in 1994 to day 212 in 1995. During this time, the GCRs at the location of Ulysses were
heavily modulated, whereas the GCRs at the location of IMR4BAU in the ecliptic, do not show this
fluctuation. The Klein Electron Telescope (KET), part of the COSPIN experiment on Ulysses, follows
this variation with latitude very nicely. 470% of the K31 channel, 0.32 to 2.1 GeV alphas, matches the
LW1lbrates quite well and is used in favor of the IMP-8 rates during this period of the Ulysses orbit.
With this modification, the modeled background rates and the observed background rates are in excellent
agreement at all helioradii and latitudes.

Figure 3.5: ModeledW1bandLW2bbased upon the IMP-8 P11 rates for 145 MeKEs440 MeVs
protons and the modeled EPAM background spectrum.
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For the HISCALE instrument, as opposed to EPAM, the GCRs are not the only major contributor to
the background rates. The gamma rays emitted by the radiothermal generators (RTGs) also add to the
background noise. To determine the RTG contribution to the in-flight background rates, the modeled
GCR contribution to the background rates was subtracted from the rates obtained during periods of low
activity. A few quiet periods were selected from 1993, 1996 and 1997 for this: days 115 to 120 of 1993,
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days 257 to 273 and 303 to 323 of 1996, and days 161 to 167 of 1997. Since the time rate of change
in the RTG gamma ray spectrum is slow, and the orientation of the RTGs to the HISCALE instrument
is always the same, there should be no observable time variance in the RTG contribution to the MFSA
data. Figure 3.6 depicts the resulting average RTG contribution to the MFSA background rates.

Figure 3.6: RTG contribution to the HISCALE MFSA data based upon the subtraction of the modeled
GCR contribution from the total count rates during selected quiescent times.
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3.1.2 Results of Background Calculation

There have been a number of attempts to model the HISCALE response to the RTG gamma rays, most
notably a study by Gomez [1996]. In this study, the RTG gamma ray spectrum was assumed to be the
same as it was when the RTGs were analyzed in the lab prior to launch. To be sure, the gamma ray
spectrum of the radioisotopes used in the RTG does change over time, but not at a significant enough rate
to be noticeable. Gomez applied a Monte Carlo method of tracking the gamma rays through the silicon

wafer used by the HISCALE detectors. The result of his work was a normalized modeled contribution by

the RTG gamma rays to the overall background rates in the MFSA data. These results are summarized
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in Figure 3.7 below.

This modeled RTG contribution assumes a bare detector with direct exposure to the RTG gamma rays.
This is not the case for the actual in-flight instrument. Various hardware exists between the RTGs and
the HISCALE detectors on the spacecraft, and this has the effect of subtly altering the incident gamma
ray spectrum. A preflight study was done to gain an experimental estimate of the RTG contribution to
the MFSA counts. The flight-certified RTG assembly was placed with the complete HISCALE assembly
in a vacuum chamber in the same relative positions as they would later occupy when attached to the
Ulysses spacecraft. Two accumulations were taken, one with the two instruments in air and the other with
the two instruments within a vacuum [Gold, 1984]. The results of these 128-second, sector-averaged,
measurements are shown in Figure 3.8.

These results compare favorably, when normalized, to the rates predicted by Gomez [1996] and the
preflight laboratory measurements. The comparison between the RTG-induced rates, shown in Figure
3.6, the rates predicted by Gomez [1996], shown in Figure 3.7, and the preflight laboratory measurement
[Gold, 1984], shown in Figure 3.8, is given in Figure 3.9. The very close agreement between the preflight
measurement of the RTG contribution to the total MFSA background rates and the contribution as de-
termined by this present study confirms the validity of the method of computing the MFSA background
rates over all energies outlined by this present study.

3.2 Coordinate Systems

In order to be compared properly with the particle data, various parameters such as the magnetic field
vectors and solar wind velocity vectors must be transformed from some standard inertial reference frame
to the spacecraft coordinate system. There are several different coordinate systems used to locate a vec-
tor in the heliosphere. Radial-Tangent-Normal (RTN), Heliocentric Earth-Mean-Ecliptic (HEME), and
spacecraft centered coordinates (S/C) are the three basic coordinate systems used here. A coordinate
system convecting with the solar wind is introduced later, but is simply the S/C coordinate system trans-
formed by a Galilean boost. When possible, rotations done in this study were accomplished via Euler
angle transformations.

RTN coordinates form a set of right-handed coordinates centered on the spacecraft. The radial unit
vector, R, points radially away from the Sun, the tangential unit vecfbrpoints in the direction of
prograde motion around the Sun’s rotational axis, and the normal unit vé&tes,the cross product of
RandT: N =R x T.

HEME coordinates are standard Cartesian coordinates (X, y, z) where the origin of the coordinate sys-
tem is the center of the Sun. The x-axis is directed toward the Vernal Equinox, r.a.=0 h and dec.=0 deg.,
the z-axis is parallel to the rotational axis with +z being northward, and the y-axis being perpendicular
to both the x- and z-axes such that it completes a right-handed coordinate systemm=wittx 7.

The spacecraft (S/C) coordinates are based on the spin axis of the spacecraft and the position of the
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Figure 3.7: Normalized MFSA rates for both a vertically incident and an obliquely incident RTG gamma
ray spectrum [Gomez, 1996].
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Figure 3.8: RTG contribution to the HISCALE MFSA data as measured by a preflight laboratory mea-
surement [Gold, 1984].
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Figure 3.9: Comparison between the predicted RTG induced rates [Gomez, 1996], the preflight labora-
tory measurement [Gold, 1984], and the RTG induced rates as determined by this present study.
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Sun. The z-axis is parallel to the spacecraft spin axis with +z directed generally Earthward for Ulysses
and generally Sunward for ACE. The x- and y-axes are defined in such a way that the Sun lies in the +x/z
plane. Therefore, the y-coordinate of the Sun in the S/C coordinate system is always zero. Figure 3.10
is a representation of the relationship between HEME and RTN coordinates, and Figure 3.11 depicts the
S/C coordinate system and the relationship to the spin sectors for the HISCALE and EPAM instruments.

Figure 3.10: Heliocentric EME and RTN coordinate systems.

X (r.a.=0h, dec.=0 deg)

3.3 Separation of Species in LEMS and LEFS Spectra

The goal of this project is to determine the proton and electron distributions in a reference frame co-
moving with the solar wind with high energy resolution at various places throughout the solar system and
specifically within the co-rotating interacting region (CIRs). The two instruments used to accomplish this
are EPAM on ACE and HISCALE on Ulysses. These two instruments are nearly identical since EPAM
was originally intended to be the flight spare for HISCALE. By using a reference frame co-moving with
the solar wind, the effect of convectional anisotropies can be removed. This allows easier identification
of anisotropies resulting from transport away from sources and toward sinks. The high energy resolution
that results from utilizing the MFSA allows for the more detailed study of the time evolution of the
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Figure 3.11: Schematic of telescope look directions in the S/C coordinate system, the “Rosetta Stone”
diagram.
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electron and proton spectra. The number of data points in the particle spectra generated with the MFSA
data is double to triple that which has been available previously, 25 points for the proton spectra and no
less than 11 points for the electron spectra. The flux data produced in this fashion can be used to help
analyze a multitude of different types of particle events. Since the patrticle energy spectra are calculated
in a reference frame co-moving with the solar wind, these spectra are especially useful in the analysis of
events or features that also convect outward with the solar wind. A good example of such a feature is
a co-rotating interacting region (CIR). These features propagate outward from the Sun and interact with
the slower moving solar wind.

The process of separating the counts resulting from electrons from the counts resulting from protons
begins with an understanding of the two instruments, EPAM and HISCALE. These two instruments are
nearly identical, and for the purposes of this study we will treat them as exactly identical. These two
instruments each consist of five telescopes within which lie eight detectors, four of which are used by
this study. The four detectors of interest are the M, F, M’, and F’ detectors at the base of the LEMS30,
LEFS150, LEMS120, and LEFS60 telescopes, respectively. See Figure 2.6 for a schematic of these
telescope assemblies. The two LEMS telescopes use a magnetic field to sweep the electrons out of the
incident beam and away from the M and M’ detectors. This allows the assumption that all of the counts
registered by the M and M’ detectors are solely protons and heavier ions. An electron with enough energy
to not be swept away from the M or M’ detectors will have enough energy to penetrate the detector and
also be registered in the F or F’ detector, thus being vetoed. During high-intensity impulsive electron
events, there can be considerable contamination of the LEMS channels as the result of electrons scattered
off the hardware [Haggerty et al., 2002]. One method by which electrons may contaminate the M or M’
count rates is by a scattering process. If a high energy proton or ion were to strike any of the hardware
within the telescope, then it is possible that one or more electrons may be scattered from the surface the
proton strikes and these electrons may make it to the M or M’ detectors with sufficiently low energy to
be absorbed by the detector. The frequency of this would be small, however, and we will ignore this
process. The two LEFS telescopes use an aluminum foil to shield the F and F’ detectors from low energy
protons and ions. Higher energy protons will penetrate the foil and be detected by the F and F’ detectors,
and therefore the contribution to the total counts by these protons must be determined in order to know
the electron rates. Since the solid-state detectors measure the amount of energy deposited onto the active
region of the detector, not the incident energy of the particles, the published energy passbands must be
transformed using the range-energy relationships for electrons and protons in silicon. The details of how
this transformation of the energy deposited into the detector to the incident energy of the particle is done
is given in the following section.

There are some differences, though, between the EPAM and HISCALE. The most dramatic and
substantial difference results from the saturation of the M detector at the base of the LEMS30 telescope
(see Figure 2.6) on the EPAM instrument. This detector is exposed directly to the Sun for half of the spin
period of the spacecraft. The traditional analog discriminator circuits that define the eight rate channels,
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P1 to P8, can respond fast enough to cope with the extremely high count rates produced by the influx
of solar X-rays. The digital circuitry of the MF Spectrum Analyzer (MFSA) does not have the rapid
recovery time that the discriminators do and quickly becomes saturated. This saturation also affects the
count rates when the M detector is not exposed to the Sun. In short, the MFSA data from the M detector
is not useful in all sectors from the EPAM instrument and from sectors 1 and 4 from the HISCALE
instrument as a result of the dominant solar response.

3.3.1 Transforming the Energy Passbands

What must first be done before any other manipulation of the MFSA rates from the two instruments
is an energy transformation. The passband energies published iHythees Data Analysis Handbook
[Armstrong, 1999] represent the thresholds for deposited energy. That is, these published energies reflect
the energy that is deposited into the active region of the silicon wafer detectors. This, of course, is not
what is of physical interest. Rather, what is of interest are the actual incident energies of the particles.
To perform this energy transformation, details of the four detectors were fed to the PAMELA program
[Armstrong, 1972]. PAMELA, A Program to Analyze Multiple Energy Losses in Absorbers, is a rou-
tine that calculates the energy loss for any one of a variety of particles using the range-energy data as
published by Janni [1966]. The physical specifications of each of the detectors are given in Table 3.3.
The output from this routine is a table of incident particle energies and the energy they deposit into the
detector. Figure 3.12 shows the output graphically. These results may then be used as a transformation
curve. The known deposited energies can be transformed into incident energies for each detector and
separately for each type of particle.

Table 3.3: Physical characteristics of the M, F’, M’ and F detectors [Armstrong, 1999].

M & M’ Detectors F & F’ Detectors

Silicon Absorber Thicknessg:m) 200.0 200.0
Aluminum Foil Thicknessgm) 0.0 3.0
Geometric Factor (ci sr) 0.428 0.397
Conical Half-Angle (degrees) 22.5 22.5

The next step is to change reference frames. The incident particle energies as derived by PAMELA
are within the spacecraft reference frame. What is desired are the particle energies with respect to the
solar wind flow. In other words, a transformation must be made into a reference frame co-moving with
the solar wind. The transformation from deposited energies to incident energies is valid for all times and
all events. The transformation from the spacecraft rest-frame to a reference frame co-moving with the
solar wind is, of course, dependent upon the solar wind speed and, therefore, must be calculated for each
data record. The transformation from spacecraft frame energies to solar wind frame energies is made via
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Figure 3.12: Energy loss curves for M, F', M’, and F for both protons and electrons given the detector
parameters detailed in Table 3.3.
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a simple Galilean transformation of velocities,

Vs = Use — Vwind (3.14)

wherevy,, is the particle velocity in the reference frame co-moving with the solar winds the velocity
of the particle in the spacecraft reference frame,@ang, is the bulk solar wind speed in the spacecraft
reference frame. These three vectors form a triangle for which the angle befyweenv,,;,,; is equal
to the look direction of the detector. With this the magnitude of the particle in the solar wind reference
frame may be determined though application of the Law of Cosines,

2

Ve = vﬁc + v?m-nd — 2UscVind - cos(0) (3.15)

sSw

whered is the detector look angle. What is desired, though, is energy rather than velocity. Therefore,
Equation 3.15 must be multiplied by one half of the mass to yield a relationship between the kinetic
energies in the two frames:

1 o, 1 5, 1 1
2mvsw vasc + vawmd 2m( VscUwind * €08(6)) (3.16)
1 2.,
Eow = Ege + —mu2,, ; — MVyingcos(0)y] —=< (3.17)
2 m
Iy
E., = FE,. + §mvwmd — Vindcos(0)\/2mEs.. (3.18)

Now we have an algorithm by which the particle’s energy in the solar wind reference frame can be
determined through the measurable quantities of the particle energy in the spacecraft reference frame
and the bulk solar wind speed. The particle energies in the spacecraft reference frame are determined
by analyzing the energy-loss curves generated by PAMELA [Armstrong, 1972] as described above. The
bulk solar wind speeds, however, are not directly measured by the EPAM or HISCALE instruments.
These data must be obtained from the SWEPAM instrument on board ACE or the SWOOPS instrument
on board Ulysses. An example of the typical particle energies for the 32 MFSA energy channels after
these two transformations is given in Table 3.4.

3.3.2 Determining the Composition

A trio of assumptions must be made before any spectra may be determined. First is that the counts
recorded by the M and M’ detectors at all energies and the counts recorded by the F and F’ detectors
at energies greater than 1 MeV are devoid of electrons. The magnetic field that shields the M and M’
detectors will deflect all but the highest energy electrons. High-intensity impulsive electron events will
occasionally cause contamination of the M and M’ detectors, but such occurrences are easily identified
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Table 3.4: Energy thresholds for the four detectors, M, F’, M’ and F, for protons and electrons given a
solar wind speed of 400 km/s. Italicized values are not usable by this analysis.

Ch# AE M protons F' protons F electrons M’ protons F protons F electrons
(keV) (keV) (keV) (keV) (keV) (keV) (keV)

1L 13.6330 8.6267 11.0951 13.5547 17.8388 20.3072 13.7699
1H,2L 16.5094 10.9165 13.6328 16.4232 21.0539 23.7702 16.6600
2H,3L 19.9929 13.7544 16.7436 19.8980 24,9101 27.8993 20.1585
3H.,4L 24.2124 17.2633 20.5528 24.1079 29.5399 32.8294 24.3946
4H,5L 29.3237 21.5924 25.2125 29.2087 35.1028 38.7229 29.5242
5H,6L 35.5157 26.9233 30.9074 35.3890 41.7920 45.7760 35.7363
6H,7L 43.0174 33.4772 37.8618 42.8780 49.8409 54.2256 43.2602
7H,8L 52.1064 41.5227 46.3484 51.9529 59.5324 64.3580 52.3735
8H,9L 63.1193 51.3868 56.6980 62.9503 71.2085 76.5197 43.4133
9H,10L  76.4646 63.4673 69.3131 76.2785 85.2841 91.1299 76.7881
10H,11L  92.6376 78.2476 84.6820 92.4328 102.261 108.696 92.9940
11H,12L  112.239 96.3156 103.398 112.013 122.748 129.830 112.631
12H,13L  135.999 118.387 126.183 135.751 147.483 155.279 136.430
13H,14L  164.801 145.330 153.912 164.528 177.358 185.940 165.276
14H,15L  199.720 178.201 187.648 199.419 213.460 222.907 200.243
15H,16L  242.061 218.286 228.687 241.730 257.103 267.504 242.636
16H,17L  293.407 267.147 278.598 293.042 309.884 321.335 294.040
17H,18L  355.682 326.685 339.293 355.280 373.739 386.347 356.379

18H,19L  431.224 399.212 413.094 430.782 451.022 464.904 431.992
19H,20L  522.872 487.538 502.824 522.385 544.588 559.874 523.717
20H,21L  634.081 595.085 611.919 633.544 657.911 674.745 635.012
21H,22L  769.048 726.018 744557  768.457 795.207 813.746 770.073
22H,23L  932.881 885.404 905.823  932.230 961.607 982.026 934.010
23H,24L  1131.79 1079.41 1101.90 1131.07 1163.35 1185.84 1133.03
24H,25L  1373.35 1315.57 1340.34 1372.56 1408.03 1432.801 1374.72
25H,26L  1666.76 1603.02 1630.31 1665.89 1704.88 1732.17 1668.27
26H,27L  2023.25 1952.94 1983.01 2022.29 2065.16 2095.23 2024.91
27H,28L  2456.48 2378.92 2412.05 2455.42 2502.58 2535.71 2458.31
28H,29L  2983.13 2897.57 2934.09 2981.97 3033.84 3070.36 2985.15
29H,30L  3623.52 3529.14 3569.38 3622.24 3679.33 3719.57 3625.74

30H,31L  4402.47 4298.35 4342.71 4401.06 4463.90 4508.25 4404.92
31H,32L  5350.28 5235.42 5284.32 5348.72 5417.91 5466.81 5352.98
32H 6503.03 6376.31 6430.22 6501.31 6577.51 6631.42 6506.01
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and removed. Electrons capable of striking the detector despite the presence of the magnetic field will
have sufficient energy;-500 keV, to penetrate the silicon detector as well, thus being vetoed by the F
or F’ detector. Secondly, the counts that are recorded are assumed to be all protons and alpha particles.
This is not exactly the case, certainly, but the solar wind is composed almost exclusively of protons and
alpha particles with heavier ions being present in only trace amounts. So for a first-order approximation,
the assumption that the M’ counts are exclusively protons and alphas is valid. M counts are not used
here on account of potential solar X-ray contamination. Thirdly, the alpha-to-proton ratio is assumed
to be constant across all energies of interest here. The non-dependence upon energy is a reasonable
assumption and is mildly verified by the WART data as will be shown.

The fraction of protons and alphas in the total counts recorded by the M and M’ detectors are deter-
mined through the same process of integrating the LEMS channels over the corresponding WART W1
and W2 energies as was presented in Section 3.1.1:

E 0 -FE ow
LWl = K 19,high — ZW1,1 ) "MFSAjg+ MFSAsy + MFSAg (3.19)
ElQ,high - E19,low

E ) - E 3,low
FMFS Ay + ( W1,high 23,1 > 'MFSA23] ) ( gwi >7
E93 high — E23.10w JLEMS

E ) - ow
LW2 = K 23.high — Z W2l >-MFSA23 (3.20)
Es3 high — E23 10w

E ioh — B w
i ( W2,high 24,lou) -MFSAM} ) < gwi > )
E24 nigh — Faslow JLEMS

In this case, however, the MFSA rates have already had the background rates subtracted from them
so that the only contribution now to the rates arezk@ andZ>1 particles. W1 and W2 are exclusively
protons so taking the ratio between W1 and LW1 will result in a number representing the fraction of
protons present in either the M or M’ detector. This is done with the sectored data so that any anisotropies
in the composition of the plasma can be observed. The sum of the fraction of protons and the fraction
of particles not protons (Z>1) must, by definition, be one. Therefore, to obtain the fraction of alpha
particles represented in the MFSA rates, the proton fraction is simply subtracted from one.

w1
+_
Top" = Wi (3.21)
%o =1— %p™* (3.22)
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3.3.3 Determining the Proton and Alpha Particle Fluxes

Only 25 of the 32 MFSA energy channels are viable for the analysis of protons. The lower five energy
channels have threshold energies that lie below the energy needed to trigger the MFSA strobe. That
is, it takes an event of35 keV to start the spectrum analyzer, but the first five MFSA channels have
thresholds below 35 keV. Therefore, even though there are counts recorded in these five lowest channels,
they are non-physical and are most likely due to thermal noise or crosstalk. The upper two MFSA energy
channels are also not useful for the analysis of protons. As can be seen from the proton energy-loss curve,
Figure 3.12, the penetration energy for protons lies below the upper threshold of the 31st channel. This
results in the 31st and 32nd energy channels not properly accounting for the total energy of an incident
proton. With these two limitations in mind, the analysis of proton spectra is restricted to MFSA channels
6 through 30, 25 energy channels in all. Although it would certainly be preferable to use all 32 energy
channels, even 25 channels yields two to three times greater energy resolution than has typically been
available previously using traditional discriminators.

The final assumption that must be made is the functional form of the proton spectra between adjacent
energy channels so that the flux may be estimated at any energy value. There are several different options
available; we have opted to use a power-law dependence:

dN
F="_=A.E" 2
1B (3.23)

whereF is the flux in units ofounts - sec™! - sr=1-em™2 - keV !, N is the number of counts for either
protons or alpha particles is the flux constant is the energy in keVs, anglis the spectral exponent.
The number of counts can be found by integrating the above equation,

Ep

N=| A.BEWdE (3.24)
E;

whereE);, andE; are the upper and lower energy thresholds, transformed into the solar wind rest frame,
for the specific energy channel being analyzed. This, however, yields the number of counts over the entire
unit sphere whereas the counts measured by the detectors are from a narrow portion of the unit sphere.
The geometric factog, accounts for this and allows the total number of counts over the unit sphere to be
determined from the measured counts by simple multiplicaisrgN, whereR is the measured counts.

Now, the above integral equation can be rewritten in terms of the measured count rates,

En

R=g-| A-EE (3.25)
E;

_ 94 (it gt

=i (Bt - B) (3.26)

Unfortunately, this equation contains two unknowns, the flux consfarénd the spectral exponent,
~. One method of alleviating this problem is to evaluate the ratio between the count rate from one
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energy channel to the count rate from an adjacent channel. This will eliminate the flux constant from the
equation.

1+ 14
Riy1 Eh,iL - El,iﬁl (3.27)
R, B BT '

This is a transcendental function of the spectral expongrind cannot be solved algebraically. The
spectral exponent is instead evaluated numerically, by subtracting the rate ratio from both sides of the
equation and using a root-finding routine to evaluate the spectral exponent,

1+~ 1+
E,iii— By Ry
func = = e . (3.28)
Ey "= E; Ri

The root-finding method used was a simple bisection routine, RTBIS.FOR, from Numerical Recipes
for FORTRAN [Press, 1992]. This root-finding method is very robust. The basic idea is to start with a
range of arguments within which the root occurs. Then by successively reducing the interval size down
by a factor of two, one can narrow the range of arguments within which the root occurs. The only time
in which this argument would fail to find a root is if the root were to lie outside the initial range of
arguments. The test for the existence of a root is simple to perform. An odd number of roots exists
within an interval if the function changes sign through the interval,

flxy) _ f(@2)

[fl)l  [f ()]
wherex; andz, represent the end-points of the interval containing the root or roots. The first step in
narrowing this interval is to determine the value of the function at the midpoint of the interval, where
the midpoint is determined by the simple averagerpfandz,. The midpoint argument replaces the
argument for which the function has the same sign.

(3.29)

[(@mia)  f(z1)
|f(@mia)l [ f(z1)]
This test is continually repeated until the interval is within a supplied tolerance. The root is returned as
the midpoint of the interval which matches the supplied tolerance < e. This method will always
return a value for the root, and it will always find the root if one or more is present. Some traps of which
one must be mindful are when there exists more than one root within the initial interval, the function is
poorly behaved, or the root is also a local extrema. In the case of multiple roots, the routine will always
find one of the roots, but it will not be specific or selective about the root which is found. The solution
to this is to narrow one’s initial interval. A change in sign of the function across the interval may be
the result of a singularity rather than a root. To remedy this, one should be mindful of the behavior of
the function for which one seeks a root and avoid intervals where function is poorly behaved. For the
present case, the function is well behaved for all valuesefcept for -1, where the function experiences

If

, then 11 — Tmiq else o — Tmiq (3.30)
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a pole. The function does not race to infinity or suffer any other ill-behaved activity, so the only spectral
exponent that is troublesome is precisely -1; even values of the spectral exponent very close to -1 are
valid. Lastly, if the root occurs at a local maximum or minimum, there will be no change in sign for
the function within a small interval containing the root. If the root sought is of this type, then the above
method will not find the root and another method must be employed. The function in Equation 3.28
is very well behaved in all but one location—and has one and only one root. Therefore the bisection
method of root finding illustrated here works very well. Once the spectral exponent is known, the flux
constantA, can be found by solving Equation 3.26 algebraically,

R 14+~

A==———
9 E,Y - BT

(3.31)
Now that both the flux constants and the spectral exponents are known, the proton fluxes for each energy
channel can be evaluated for the M and M’ detectors.

3.3.4 Calculating the Proton Counts in F and F’ and the Electron Flux Spectra

The foil shield in front of the F and F’ detectors prevents low energy protons from being counted, but
protons with at least 300 keVs and alpha particles with at least 1.2 MeVs of total energy will penetrate
the foil and be counted. The energy of these protons, especially those protons with an incident energy of
300 to 400 keV will lose most of their energy penetrating the foil and will be counted in the lower energy
channels. Figure 3.12 shows the energy thresholds for protons in the F and F’ detectors in the spacecraft
reference frame. With these energy bounds, the proton and alpha particle contribution to the total count
rate in the F and F’ detectors can be calculated by evaluating Equation 3.26. One complication is that
the proton distribution may not be isotropic. At all energies, the proton rates are only reliably known at
120 degrees from the spin-axis, but at energies greater than 1 MeV, the proton rates are reliably known
at polar angles of 60, 120, and 150. From the integral rates above 1 MeV for the F’, M’, and F detectors,
the proton and alpha particle spectra at all energies for the F and F’ detectors can be determined. It is
assumed that any anisotropies present do not vary significantly with energy. A ratio between the > 1
MeV integral rates for F' and M’, and F and M’ are determined and that ratio is assumed to be energy
independent. Therefore, the proton and alpha spectra seen in F’ and F are taken to have the same overall
shape as that seen in M’, but are scaled such that the modeled spectra agree with the observed > 1 MeV
spectrain Fand F'.

Now that the proton and alpha particle fluxes in the look directions of the F and F’ detectors are
known, the integral described in Equation 3.24 and evaluated in Equation 3.26 can be carried out to
determine the number of counts produced in the F and F' detectors as a result of the protons. These
counts can then be subtracted from the total number of counts to yield the number of counts in the F
and F’ detectors due solely to the electrons. Once the electron count rates are known, the electron fluxes
can be determined in the same fashion in which the proton fluxes were determined, as detailed in the
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section above. This yields only those electrons whose energy is below the listed penetration energy for
electrons impingent upon the silicon detector. There are some electrons that may strike the detector at
some angle from the normal and therefore experience a longer pathlength through the detector. This
results in more of the electron’s incident energy being deposited into the detector. Electrons, when they
enter the detector, will be scattered by interactions with the atomic electrons of the detector material.
This will also result in a greater amount of the incident energy of the electrons being deposited in the
detector. These two phenomena allow the use of energy channels 14, 15, and 16 in addition to channels 6
through 13 for the determination of electron fluxes. In the graph shown in Figure 3.13 from the following
section, the plus sign markers (+) in the electron spectra represent these upper three energy channels that
lie above the electron penetration energy as predicted by the experimental results published by Janni
[1966].

3.3.5 Sample Results of the Separation Process

To test the validity of this method of separating the electron and ion energy spectra, the time-series rate
data were examined to locate periods of electron dominated events, ion dominated events and periods of
mixed activity. Three recent periods that stand out and match the three criteria above are day 20 through
day 29 of 1999, day 15 through day 28 of 2000 and day 53 through day 57 of 2000. The days in 1999 are
during a period of mixed electron and ion activity. Days 15 to 28 of 2000 are during a period of strong
ion activity with little electron activity. The days 53 to 57 in 2000 are during a strong electron event
when the ion activity is relatively quiet. The criteria for judging the validity of the method are whether
the predicted electron flux matches the trends seen in the deflected electron (DE) rate channels, whether
the predicted proton flux matches the trends seen in the high energy proton rate channels of F and F’, the
FPn channels and the M and M’ rate channels, Rfter it is confirmed that the method is viable, several
interesting ion events will be examined.

A sample of the proton and electron spectra for a mixed activity event is given in Figure 3.13. Notice
that the electron flux values for energy channels above the 13th channel (plus marks on the graph) line up
well with the flux values for channels 6 through 13 (circles on the graph). This implies that electrons do
contribute to the rates at energies above the nominal penetration energy as given in the above sections.
This gives good indication that the method of separation is indeed working properly, but it is not the
best evidence. The “acid test” rests in the ability to report ion dominant and electron dominant events
in agreement with traditional discriminator rate data. Figure 3.14 shows a graph similar to Figure 3.13
for day 17 of 2000. Both the interpolation of the proton spectrum in the look direction of LEFS60 and
the extrapolation of the proton spectrum in the look direction of LEFS150 (circles on graph) agree well
with measured flux values in the F and F’ (plus marks on graph). Again, the calculated electron flux in
channels 14, 15, and 16 follow the spectral form of the fluxes from the lower channels quite well. The
last test of this method presented here is the electron dominated event from day 54 of 2000. The best
evidence for the success of the electron-ion separation method is seen in the time-evolution of this event.
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Figure 3.13: Differential flux spectra for protons and electrons on day 22 of 1999.
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Figure 3.14: Differential flux spectra for protons and electrons on day 17 of 2000.
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Figures 3.15 and 3.16 depict the evolution of the proton spectrum seen in the look direction of LEMS30
and the electron spectrum in the look direction of LEFS60, respectively. Notice that there is a strong

Figure 3.15: Hourly differential fluxes for protons measured by the M detector.
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increase in the electron fluxes with little change in the ion fluxes. A plot of the ion and electron spectra
for each of the detectors is given in Figure 3.17. It is important to note the continued agreement of the
three highest electron flux points (plus marks on graph).
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Figure 3.16: Hourly differential fluxes for electrons measured by the F’ detector.
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ULYSSES:MFSA Differential

Figure 3.17: Differential fluxes for day 54 of 2000.
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Chapter 4

Analysis of the Energetic Particle
Spectra

There are several results that we present based upon the data and methods described in Chapter 3. Once
the data are reduced, there are many different ways in which the data may be further manipulated and
interpreted. The major benefit of the data provided by this study is allowing the investigation of inter-
planetary energetic particles (IEP) over large temporal and spatial scales. Since Ulysses has made a few
passes through all heliolatitudes, the obvious first step is to investigate how the IEP spectra differ from
region to region in the inner heliosphere. As a secondary constraint to the analysis, the variation of these
regional spectra can be sorted and studied based upon the behavior of the magnetic field. Finally, one can
separate the different data by intensity. It became evident to us very quickly that the steady, quiet-time
IEP spectra are very different than the spectra seen during impulsive and recurring events.

4.1 Regional Averages of Electron and lon Spectra for First Fast
Latitude Scan

The shape and intensity of the electron and ion spectra vary strongly from region to region. Some of
this may in fact be due to temporal rather than spatial variations as a result of changes in solar activity
levels on the approach to solar maximum. To determine whether a particular variation seen is the result
of a temporal or a spatial change, the average particle spectra from Ulysses for a given region and time
are separated into event and non-event spectra. If a change in particle spectra from one region to the
next is the result of a temporal, solar cycle variation, the non-event spectra are less likely to be affected.
The regions we investigate in this study are the North and South polar regions, the equatorial region at
perihelion and at aphelion, and the North and South streamer belts. Table 4.1 details the definitions of
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these different regions.

Table 4.1: Definitions of Regions Used

START STOP
Region Time Radius Latitude Time Radius Latitude
(Day #) (AV) (deg.) (Day #) (AV) (deg.)

N. Polar Pass 164 of 1995 1.70 +60 headed N 363 of 1995 3.05 +60 headed S

S. Polar Pass 158 of 1994 2.97 -60 headed S 348 of 1994 1.66 +60 headed N
Equatorial (aph.) 107 of 1997 3.06 +20 headed S 147 of 1999 2.97 -20 headed S
Equatorial (peri.) 47 of 1995 1.37 -20 headed N 98 of 1995 1.38 +20 headed S
N. Streamer Belt 99 of 1995 1.38 +20 headed N 163 of 1995 1.69 +60 headed N
S. Streamer Belt 349 of 1994 1.66 -60 headed N 46 of 1995 1.37 -20 headed N

The choice of latitude ranges for these regions is based upon the behavior of the background rates dis-
cussed in Chapter 3. The streamer belts, boundry regions between high and low speed solar wind flows,
are identified as those regions in which the background rates are attenuated below the rate predicted by
the IMP-8 P11 data; see Figure 3.5. The streamer belt regions are taken to only exist within about 2 AU,
so these ranges of latitude were only compared separately during the fast latitude scan, at perihelion.
For the equatorial pass at aphelion, no attenuation of the background rates was noticed. Therefore, the
streamer belts at radial distances of about 3 AU and greater were assumed to either not exist or not have a
significant effect on the MFSA data. When examining the electron and ion spectra within these regions,
there was an obvious difference in how the ion spectra varied compared to the electron spectra.

It should be noted here that these results are from analyzing the sector averages. The sectors for each
head point in the same general direction throughout the passage through each region, but the direction
does change slightly. A more detailed view of the spectra analyzed by RTN direction is given later in
this chapter.

4.1.1 Comparison of the Particle Spectra from the Polar Regions
South Pole

The first pass made by Ulysses under the south heliographic pole of the Sun was made in the fall of
1994. For the purpose of this analysis, the polar region is defined as regions greater than 60 degrees
heliographic latitude. See Table 4.1 for the days during which the first south polar pass was made and
the radial distances. This pass was made near the time of solar minimum, so there’s little in the way of
particle events during the pass. Figure 4.1 shows a color spectrogram of proton and electron fluxes of the
pass. During the First South Polar Pass, there were neither any ion nor electron events. The beginning
of the pass does include the tail end of an electron-rich CIR, but it makes no other appearance past day
165. The particles seen are essentially the steady-state foreground population.
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There seemed to be no major azimuthal anisotropies in the proton fluxes, although sector 1 of
LEMS30 and sector 5 of LEMS120 are slightly lower than the other sectors; see Figure 4.2. The differ-
ences between the diminished sector and the other sectors are small. The overall shapes of the proton
spectra are generally power law with a slope of about -1.3, although at energies around 100 keV the
spectra turn over. Not all sectors turn at the same energy, though. Sector 4 of LEMS30 and sector 8
of LEMS120 turn over at energies around 200 keV. The proton fluxes in the LEFS60 and LEFS150 de-
tectors agree very well with the LEMS data. Only the fluxes above 1000 keV, were used for the LEFS
protons. Below 1000 keV, the electrons tend to dominate as described in Section 3.3.4. The LEFS fluxes
follow the same power law trend that is seen in the LEMS data.

The Z>1 spectra follow the same= —1.3 trend that the protons exhibit, including a turning over of
the spectra at about 200 keV; see Figure 4.3. One significant difference is the behavior in some sectors
below 400 keV. Sectors 1 and 4 of LEMS30 and sectors 1, 2, 3, 5, and 8 drop significantly below the
other sectors. The spectra reach a maximum at 400 keV and decrease in intensity down to 200 keV.
Below 200 keV, the spectra resume their previous power law form.

There were some differences in the intensity and shape of the electron spectra between LEFS60 and
LEFS150; see Figure 4.4. The average electron spectrum seen in LEFS60 is nearly a uniform power law
with a slope nearly of nearly -1 down to 50 keV. Below 50 keV, the slope of the LEFS60 electron spectra
steepens significantly. The fluxes seen in LEFS150 is similar in intensity to those seen in LEFS60, but the
shape of the spectraare very different. The LEFS150 spectra are definitely not power law in form. Below
80 keV, the LEFS150 electron spectra become flatter at lower energies, and approaches a maximum near
30 or 40 keV. Below 80 keV, the LEFS150 electron spectra are power law in form, until 325 keV where
there is an upturn to the spectra. In neither detector was there evidence for an azimuthal anisotropy.

North Pole

As with the South Polar Pass, there were no major proton or electron events during the pass. See Figure
4.5 for a color spectrogram for the protons and electrons. Again, this means that the spectra seen were
for the steady-state foreground population. The shapes of the proton spectra for the North Polar Pass
are nearly identical to those seen during the South Polar Pass; see Figure 4.6. The Z>1 ion spectra,
however, were remarkably different, see Figure 4.7. Below 1000 keV, the north and south polar spectra
are very similar down to about 200 keV. Below 200 keV, the north polar spectra become very noisy and
chaotic. Above 1000 keV, the spectra turn upwards in all sectors of LEMS30, LEFS60, and LEMS120,
and reach a maximum at 3000 keV. There is no apparent differences between the sectors of LEFS60, but
in LEMS30 and LEMS120, there are strong differences among the sectors. The fluxes seen in sectors 1
and 4 of LEMS30 are similar to the fluxes seen in sectors 4, 5, 7, and 8 in LEMS120, and these fluxes
exceed the fluxes in the remaining sectors by a factor of three at 3000 keV. The LEFS150 spectra are
identical at both poles.

The shape of the LEFS150 electron spectra are very different from that seen during the South Polar
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Figure 4.1: Proton and electron flux through the first South Polar Pass.
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Figure 4.2: Regionally-averaged proton spectra during the first South Polar Pass.
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Figure 4.3: Regionally-averaged Z>1 spectra during the first South Polar Pass.
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Figure 4.4: Regionally-averaged electron spectra during the first South Polar Pass.
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Pass, see Figure 4.8. The electron spectrum during the northern pass is much more flat than during the
southern pass and is significantly reduced in intensity. In the LEFS60 spectra, there is the same elevation
of flux at 45 keV, and in the LEFS150 spectra there is the same upturn at 325 keV. The differences
between the northern and the southern electron spectra seem to be most pronounced at the lower energies.
The fluxes at higher energy in the two regions are nearly identical in intensity, but the fluxes at the lower
energies are as much as an order of magnitude lower during the northern pass than they were at the
southern pass. This difference is likely the result of the CIR event seen at the beginning of the South
Polar Pass.

Figure 4.5: Proton and electron flux through the first North Polar Pass.
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4.1.2 Comparison of the Particle Spectra from the Equatorial Regions

Perihelion

The energetic particle spectra observed within the equatorial regions were quite different from those seen
in the polar regions. The proton fluxes within the equatorial regions were significantly higher than those
in the polar regions, especially at the lower energies. During the pass through perihelion, there were
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Figure 4.6: Regionally-averaged proton spectra during the first North Polar Pass.
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Figure 4.7: Regionally-averaged Z>1 spectra during the first North Polar Pass.
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Figure 4.8: Regionally-averaged electron spectra during the first North Polar Pass.
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a few proton and electron events observed. See Figure 4.9 for a color spectrogram for the proton and
electron fluxes during these times. The proton flux during the pass through perihelion is very isotropic;
see Figure 4.10. The LEMS30 and LEMS120 spectra are nearly identical to each other. Some interesting
features in the proton spectra are a slight increase in intensity at 800 keV, and at 100 keV the spectra turn
over as seen in the polar spectra. Except for these two features, the proton spectra are well described by
a simple power law with a slope similar to that seen in the polar regions. The LEFS60 and LEFS150
spectra above 100 keV agree very well with the LEMS30 and LEMS120 spectra. The Z>1 spectra are
very similar to the proton spectra in all detectors and sectors; see Figure 4.11. There is the same elevation
of intensities at 800 keV, and the same rollover at 100 keV. There were no significant azimuthal or polar
anisotropies noted in either the proton or the Z>1 spectra during the perihelion pass.

The electron spectra observed in both LEFS60 and LEFS150 during the pass through perihelion were
very similar to the spectra seen in the south polar region; see Figure 4.12. There are the same general
characteristics to the electron spectra between the two regions. There is the elevated flux at 45 keV in the
LEFS60 spectra and the upturn at 325 keV in the LEFS150 spectra. There are some subtle differences
between the perihelion and the south polar spectra, though. Above 100 keV, the perihelion spectra are
slightly more intense by as much as 150%. In neither the LEFS60 nor the LEFS150 electron spectra does
there appear to be any azimuthal anisotropy.

Aphelion

Both the proton and electron fluxes seen at aphelion were noticeably greater than the fluxes seen at
perihelion. The increased fluxes are most likely the result of the larger number of energetic particle
events observed; see Figure 4.13. The proton spectra seen at aphelion do share some similarities to the
spectra seen at perihelion. There is the same slight increase of intensity at 800 keV, and there is the
same rollover at 100 keV, see Figure 4.14. The slope of the spectra seen at aphelion and perihelion
are sightly different, however. The low-energy LEMS30 and LEMS120 proton fluxes seen at aphelion
are greater than those seen at perihelion by nearly an order of magnitude. This difference diminishes
with increasing energy. Above 1000 keV, the proton spectra seen at aphelion and perihelion agree very
well. This includes the spectra seen by the LEFS60 and LEFS150 detectors. There did appear to be a
slight azimuthal anisotropy in the LEMS120 data with the spectra seen in sector 6 of LEMS120 being
approximately a factor of 2 lower than the spectra seen in sector 2, with the spectra seen in the remaining
sectors falling in between these two extremes.

The Z>1 spectra at aphelion did not show the same increase in intensity that was observed in the
proton fluxes, although the same anisotropy noted in the LEMS120 proton spectra were also seen in the
LEMS120 ion spectra; see Figure 4.15. The slope of the ion spectra at aphelion is identical to the spectra
observed at perihelion up to 2000 keV. Above 2000 keV, the ion spectra begin to flatten. This trend is
seen by all sectors of detectors, including the LEFS60 and LEFS150 detectors. This feature is not seen
in the Z>1 ion spectra during the perihelion pass.
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Figure 4.9: Proton and electron flux during the first pass through perihelion.
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Figure 4.10: Regionally-averaged proton spectra during the first pass through perihelion.
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Figure 4.11: Regionally-averaged Z>1 spectra during the first pass through perihelion.
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Figure 4.12: Regionally-averaged electron spectra during the first pass through perihelion.
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The electron spectra observed during the pass though aphelion are very different from the electron
spectra observed in any other region; see Figure 4.16. This is likely the result of the very strong electron
events that occurred during this time. The spectra seen by the LEFS60 and LEFS150 show the same
basic features and have the same approximate intensities. Above 150 keV, the fluxes seen by LEFS150
exceed the fluxes seen by LEFS60 by about 25%. The most striking difference between the aphelion
electron spectra and the electron spectra from other regions is that the slope of the aphelion electron
spectra changes dramatically at 80 keV. Below 80 keV, the electron spectra have a slope of nearly -1.
Above 80 keV, the slope steepens to about -2. The upturn at 325 keV seen in the LEFS150 electron

spectra in other regions is not present in the aphelion electron spectra. There were also no observable
azimuthal anisotropies.

Figure 4.13: Proton and electron flux during the first pass through aphelion.

Omnidirectional Proton and Electron Spectra
During the 1st Aphelion Fass

Prataons at Aphelion

1.8+03

Energy (kev)

1.8+02 4

19968.90 1997.27 1987.63 1998.00 1888.37 1998.73 199910 F -2

Electrons at Aphelion

log {Flux [counts/{sec—str—cmr2—kew) ]}

1.e+02

Energy (kev)

19986.90 1997.27 1997.63 1998.00 1998.37 1998.73 199910
Time (year)

Fundarmental Technologiea, LLC Fri Feb & 08:24:49 CST 2002 . Douglas Patteraon

4.1.3 Analysis of the Particle Spectra from the Streamer Belts

During the pass through the streamer belts, there were only two noticeable proton and electron events,
both occurring during the pass through the southern streamer belt. See Figure 4.17 for a color spec-
trogram for the protons and electrons during the passage through the streamer belts. The proton fluxes
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Figure 4.14: Regionally-averaged proton spectra during the first pass through aphelion.
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Figure 4.15: Regionally-averaged Z>1 spectra during the first pass through aphelion.
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Figure 4.16: Regionally-averaged electron spectra during the first pass through aphelion.
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measured by both LEMS30 and LEMS120, although generally similar in slope and intensity to the pro-
ton spectra seen during the pass through aphelion, do show more azimuthal variability than was apparent
in the aphelion proton spectra; see Figure 4.18. The fluxes observed by LEMS30 were greatest in sector
1, but only slightly and only at energies below 200 keV and above 1000 keV. The fluxes in the other three
sectors were all of the same approximate intensity. Only sector 1 of LEMS30 showed any variation. The
fluxes observed by LEMS120 were greatest in sector 1 and smallest in sector 6. The fluxes seen in the
other sectors of LEMS120 are distributed evenly between these two extremes. There does seem to be the
same energy dependence to the variation in the fluxes as seen in the LEMS30 data.

What are remarkable are the Z>1 spectra during the streamer belt pass; see Figure 4.19. The zZ>1
fluxes observed in the streamer belt regions were greater than the Z>1 fluxes observed in any other region.
The slope of the ion spectra seen in the streamer belts have a very different slope than the spectra seen
at aphelion or perihelion. The spectra seen in the streamer belts intersect the spectra from the aphelion
and perihelion regions at the 3000 keV, but below this energy, the streamer belt spectra rise significantly
above the equatorial spectra with the fluxes becoming more intense by a factor of three at 150 keV. The
ion spectra do show the same flattening that is seen in the equatorial spectra, and they also show the same
polar variation noted in the aphelion spectra.

The major differences seen in the particle fluxes in the streamer belts were seen in the electron
spectra; see Figure 4.20. The LEFS150 electron spectra during the passage through the streamer belts
were quite different from those seen in other regions, whereas the the LEFS60 electron spectra were very
similar to the spectra measured during the pass through perihelion. The fluxes measured in LEFS150
were similar in intensity to those seen in the pass through perihelion, but there was no change in slope at
lower energies.

4.2 Electron and lon Spectra as a Function of the Magnetic Field
Direction

During the initial analysis of the differences between the ion and electron spectra from the different
detectors, it was suggested that the anisotropies were the result of field aligned flows rather than radial
flows. To investigate this, the data were separated by region as previously described and then sorted
based upon the angle of the magnetic field to the look direction for each head and sector. This permits
one to distinguish the nature of the anisotropy: whether it is field aligned or not. Figures 4.21 to 4.25
show the resulting spectra for protons and electrons separated by either being roughly normal or parallel
to the magnetic field. Neither the protons nor the electrons show any significant dependence upon the
magnetic field direction in any of the five regions.
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Figure 4.17: Proton and electron flux during the passage through the streamer belts near perihelion.
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Figure 4.18: Regionally-averaged proton spectra during the first pass through the streamer belts near
perihelion.
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Figure 4.19: Regionally-averaged alpha spectra during the first pass through the streamer belts near
perihelion.
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Figure 4.20: Regionally-averaged electron spectra during the first pass through the streamer belts near
perihelion.
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Figure 4.21: South pole regional averaged proton (a) and electron (b) spectra as a function of magnetic
field direction.
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Figure 4.22: North pole regional averaged proton (a) and electron (b) spectra as a function of magnetic
field direction.
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Figure 4.23: Streamer belt regional averaged proton (a) and electron (b) spectra as a function of magnetic
field direction.
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Figure 4.24: Perihelion regional averaged proton (a) and electron (b) spectra as a function of magnetic

field direction.
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Figure 4.25: Aphelion regional averaged proton (a) and electron spectra (b) as a function of magnetic

field direction.
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4.3 Comparison Between Quiet-time, Event-time Electron and lon
Spectra

One concern about the above analysis is that the observed regional-averaged spectra in some regions
are a mix of quiet-time steady-state foreground and high-intensity event spectra. In order to compare
the variations in the steady-state foreground from region to region, the observed fluxes were separated
into “event” and “non-event” times. This was done by evaluating the integral fluxes at each time and
comparing that value to some cutoff value. This is perhaps not the most rigorous way of separating out
events from the quiet-time fluxes, but it is adequate for the purposes here in that it removes the very large
spikes in the data and strongly affects the regionally averaged fluxes described in previous sections.

The data were further separated on the basis of the look direction of the detector. This was done in
an effort to understand the nature of any anisotropies that are present in the particle fluxes. Rather than
using generic spacecraft coordinates for this separation, the fluxes were separated on the basis of the
RTN direction of each head and sector. This permits the comparison of spectra from different regions in
a meaningful way since the precise orientation of the spacecraft coordinate axes changes relative to the
direction of the Sun. In determining whether a given data record was taken#Rh€, or N directions,
the unit vector for the look direction in spacecraft coordinates was transformed to RTN coordinates. If
the look direction unit vector was within 30 degrees of an R, T, or N axis, those fluxes were binned
appropriately.

4.3.1 Quiet-time Proton Spectra
Polar and Mid-Latitudes

The observed regionally-averaged proton spectra in the south polar, north polar, and streamer belt regions
are nearly identical. There are only very subtle differences between these three regions. Figure 4.26
shows the proton spectra for these three regions separated by the RTN look direction. For all three
regions, the spectra in theT and N directions are nearly identical and two-part. The spectra break

at 730 keV. At energies above 730 keV, the spectra are power-law in formwith —0.9. Below

730 keV, the spectra follow the functional fordf{E) = 9.5 x 1072 - exp [—5 x 107° (B — 137)2}.

This form is seen repeatedly in both the proton and electron spectra throughout the different regions,
and in both the quiet-time and event spectra. The spectrum seen in the -R direction is very different
from those observed in the T and N directions. For one, the spectrum is in four parts, each of the same
J(E) = a-exp [—b (E — c)ﬂ form. The parameters for each part are given in Table 4.2. The other
significant difference in the -R spectrum is the intensity. The overall intensities are approximately three
times lower in the -R direction than in any of the other directions. There were no fluxes observed coming
from the +R direction. Only the two LEMS detectors were used to analyze the regional proton fluxes.
The LEFS ion fluxes are interpolated from the LEMS data, and any anisotropies that would appear could
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likely be artifacts of the interpolation. Therefore, the LEFS ion data were not used for this part of the
study leaving, only LEMS30 to view radial protons, and LEMS30 generally points Sunward.

Table 4.2: Parameters for the four-part spectrum seen in the -R direction for the polar and streamer belt
regions.

a (counts/sec-str-ctrkeV) b c (keV)
Part 1 0.0094 0.0019 80
Part 2 0.0020 3.1x107° 255
Part 3 3.4 x 1074 1.8 x107% 400
Part4 1.2x1074 6.3 x 1078 1276

Equatorial Latitudes

At both perihelion and aphelion, the proton spectra are nearly the same, and are generally power law
in form with v = —1.3. The -R and +N perihelion spectra appear to be the most regular being more
uniform across the observed range of energies. The +T and -N spectra appear to have a two-part spectra
breaking at 878 keV. Whether this is a merger between two separate particle spectra or notch in a power
law spectrum is uncertain. Many of the features that appear in the observed spectra as the joining of
separate particle populations can also be explained as the removal particles at specific energies as a result
of some resonance process. At aphelion, the spectra seen in all directions except -R appear to be two-part
as seen in the +T and -N spectra at perihelion. The overall intensities at perihelion and aphelion are very
similar. In both regions, the -R spectra are less intense than the spectra in other directions, but only by a
slight amount.

4.3.2 Quiet-Time Electron Spectra
Polar and Mid-Latitudes

The non-event electron spectra in the three different regions were very similar to each other in both shape
and intensity. Above 100 keV there were no differences between the regions. The spectra in all but the
+R direction were power law in form with = —0.93 at energies above 50 to 100 keV. The +R fluxes

are significantly less intense by a factor of four, but are still power law with similar slopes to the spectra
from other directions, except during the north polar pass. The +R spectrum seen during the north polar
pass is power law below 220 keV, but above it exhibit§ &) o« E? spectrum. At lower energies, below
approximately 80 keV, the electron spectra steepen dramatically. The low-energy spectra have exponents
between -3.5 and -15. The +R streamer belt and south pole spectra change slopes at higher energies than
the spectra intT and+N. Table 4.3 gives the spectral exponents for the low-energy and high-energy

109



Figure 4.26: South polar (a), north polar (b), and streamer belt (c) regionally-averaged quiet-time proton

Spectra.
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Figure 4.27: Perihelion (a) and aphelion (b) regionally-averaged quiet-time proton spectra.
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parts of the electron spectra in each region and direction and the energy at which the spectra change

slope.

Equatorial Latitudes

The perihelion and aphelion electron spectra are very different from the polar and streamer belt spectra,
but very similar to each other. The equatorial spectra are two part power law spectra with a knee ap-
pearing at 75 keV. All the observed directions have the same intensities with the exception of +R. The
spectrum observed in the +R direction has the same form, but the fluxes are only half of what is seen
in the tangential and normal directions. At energies above 75 keV, all the observed spectra with the are
power law withy = —4. Below 75 keV, the spectrum flattens slightly, ane- —1.2.
The perihelion electron spectra are considerably more varied. Above 150 keV, all but the +R spectrum
closely resemble the polar and streamer belt spectra. Below 150 keV, the spectra observed in the different
directions vary dramatically. The observed spectrain the -T and +N directions remain very similar to the
polar and streamer spectra including the steepening of the spectra at 60 keV. The spectral exponents for
the below and above 60 keV portions of the -T and +N spectra are -3.7 and -0.84, respectively. The +R
spectrum was also two-part, with a break at 150 keV. Although the spectrum above 150 keV is power
law in form like the spectra observed in the other directions, the +R spectrum below 150 keV is of the
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Figure 4.28: South-pole (a), north pole (b), and streamer belt (c) regionally-averaged quiet-time electron

Spectra.
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Table 4.3: Parameters for the polar and streamer belt regionally-averaged quiet-time electron spectra.

Region Direction v, Energy at bend (keV) s
+R -3.7 100 -0.77
South Pole +T -7.9 52 -0.94
+N -9.3 52 -1.15
-N -9.4 52 -1.05
+R -0.87 220 *
North Pole -T -15 52 -0.87
+N -7.7 52 -0.84
-N -7.7 52 -0.74
+R -35 85 -0.75
+T -4.6 60 -0.92
Streamer Belt -T -4.3 60 -0.93
+N -4.7 60 -0.94
-N -6.6 60 -0.94

(*) J(E) = 0.00154 - exp |0.00467 (E — 285)*

form J(F) o exp (EQ) The spectrum observed in the +T direction can be described by two power laws
intersecting at 60 keV with the spectral exponents below and above 60 keV of -4.6 and -1.3, respectively.

4.3.3 Event-time Proton Spectra
Polar and Mid-Latitudes

Throughout the entire first fast latitude scan, there were no significant ion events except within the lower
latitudes. No significant ion events were seen at latitudes greater than 20 degrees either north or south.
There were a couple of small events in early 1995 (see Figure 4.17), but these events were not strong
enough to be counted by the software described in the introduction to this Section.

Equatorial Latitudes

The spectra observed in all directions at both perihelion and aphelion are nearly the same in intensity
and in shape. Only the spectra seen in the -N direction at perihelion and in the -R direction at aphelion
show significant differences. At perihelion, small differences in the spectra observed in the -R, +T, -T,

and +N directions appear below 100 keV and above 1000 keV. The -N spectrum may appear so different
because of the low number of events seen in the -N direction. During the entire pass from -20 degrees
to +20 degrees heliolatitude, only two events were seen in the -N direction. The very basic slope of the
-N spectrum is the same as the spectra in the other directions, but -N rolls over at 90 keV. There were
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Figure 4.29: Perihelion (a) and aphelion (b) regionally-averaged quiet-time electron spectra.
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no valid data above 1275 keV. Of all the observed spectra, the spectrum seen in the -R direction most
closely resembled a power law with = —2.4. The spectra seen in theT and +N directions align

nicely with the -R spectrum, but they begin to fall below the -R spectrum at lower energies and exceed
the -R spectrum at higher energies. Eh€ spectra begin to deviate noticeably at 300 keV with the -T
spectrum showing the strongest difference. The -T spectrum remains very nearly power in form with the
same slope as the -R spectrum. Below 100 keV, both the +N and +T spectra begin to flatten. The -R
spectrum rolls over completely at 77 keV. Above 1000 keV, the +N-amdspectra start to flatten but

then appear to have a cutoff at 4000 keV.

Of the various spectra observed at aphelion, the fluxes seen in the -R direction were definitely the
most intense. The -R fluxes exceeded the fluxes in the other direction by a factor of two at 100 keV and as
much as an order of magnitude at 1000 keV and above. Above 100 keV the -R spectrum is a near perfect
power law withy = —1.78. The spectra seen in theN and+T directions are also well described by
a power law function below 1000 keV, but the slopes vary significantly. The spectral exponents for the
+N and+T spectra are shown in Table 4.4. Below 100 keV, the normal and tangential spectra begin to
flatten, and above 1000 keV, the spectra behav&(&y « exp (EQ) The spectra observed in theN
and=T intersect at 250 keV. At energies above 250 keV, the +N and -T spectra fall below the -N and +T
spectra, and below 250 keV, the +N and -T spectra are more intense than the -N and +T spectra although
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still not achieving the intensities seen in the -R direction. The -N and +T spectra are identical to each
other at all energies.

Table 4.4: Spectral exponents for power law fits to #i¢ and+T event spectra during the aphelion
pass.

Direction

+N -2.7
-N -2.0
+T 2.1
-T -2.2

Figure 4.30: Perihelion and aphelion regionally-averaged event-time proton spectra.
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4.3.4 Event-time Electron Spectra
Polar and Mid-Latitudes

During the few electron events seen during the passage through the streamer belts, electrons were only
seen in the +T direction. This also coincided with a direction generally perpendicular to the observed
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magnetic field direction. The electron spectrum observed was similar to that seen during quiet-times,
only more intense, and the low-energy portion of the spectrum is significantly steeper. The spectrum is
still a two-part power law with the low-energy portion having a slope of -8.1 and the high-energy portion
having a slope of -1.1 with the two portions intersecting at 75 keV.

The CIR electron spectra observed during the beginning of the pass under the southern pole exhibit a
very different form. The only directions in which electrons were seen were the +R, +T, and +N directions.
At lower energies, the fluxes seen in these three different directions all agree nicely, but at energies above
100 keV, differences in intensities begin to appear. The form of these spectra are power law below 100
keV for +T and +N, and below 220 keV for +R with= —3.1. The +T and +N spectra appear to have
aJ(E) « exp (E?) form centered at 220 keV. It appears that the +R spectrum may also have such a
feature, although centered at a higher energy.

Figure 4.31: South pole (a), and streamer belt (b) regionally-averaged quiet-time electron spectra.
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Equatorial Latitudes

During the passage through perihelion, two distinct types of spectra were observed. In the +R, +N, and
-T directions, the electron spectra were nearly perfect power laws across the entire range of observed en-
ergies. The slope and intensities of the +R, +N, and -T spectra were very similar with spectral exponents
of -2.7, -2.6, and -2.5, respectively. The only significant difference between these three spectra appeared
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in the +R spectrum. The spectrum turns upward at the highest observed energy of 325 keV. The spectra
observed in the +T and -N directions resembled the two-part power law spectra seen in the non-event
spectra. The two spectra both change form at 87 keV. Below 87 keV, the spectra are very smooth power
laws withy,7 = —3.3 andy_y = —2.5. Above 87 keV, the -N spectrum remains power law in form,

but flattens out dramatically with a slope of -0.33. The +T spectrum above 87 keV is better described by
aJ(E) x exp (E?) function.

The fluxes at aphelion were, in general, more intense than those seen at perihelion. All of the spectra
seen at aphelion are well described by a simple power law, although the intensities varied dramatically
depending upon the direction from which the data were taken. Table 4.5 gives a listing of the slopes of
these spectra in order of the least intense to the most intense. The trend in the overall intensities is also
mirrored in the slope of the spectra, with the steeper spectra being less intense. The spectra appear to be
approaching an intersection at 30 keV and diverge at higher energies. At the lowest energy observed, the
flux seen in the +N direction is only 1.5 times more intense than the flux seen in the +T direction, but
this difference increases to as much as 5 times more intense at 220 keV. No electron events were seen in
the -N direction. This is very surprising given the very large fluxes seen in the +N direction.

Table 4.5: Spectral exponents for power law fits to the aphelion electron event spectra shown in order of
increasing intensities.

Direction  ~

+T -2.25
+R -1.66
-T -1.42
+N -1.38

117



Figure 4.32:

Perihelion (a) and aphelion (b) regionally-averaged event-time electron spectra.
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Chapter 5

Conclusions

A number of conclusions about energetic particles in the inner heliosphere, and the methods for studying
those particles, can be drawn from this study. First and foremost, it seems rather remarkable to me that
in the past 12 years of the Ulysses mission, the MFSA data have been sparsely used. The MFSA data
from the HISCALE instrument on-board Ulysses provides energetic particle spectra with detail previ-
ously unheard of. For work involving particle spectra at time resolutions more coarse than 17 minutes,
there is no reason for selecting anything but the MFSA data for analysis. Choosing the discriminator
data effectively diminishes the available data by one third. Secondly, there is a constant foreground of
energetic particles separate from the GCR-inducing background. This steady-state foreground is rea-
sonably uniform throughout the inner heliosphere. Thirdly, the background rates seen in the HISCALE
instrument are time-varying, and are the result of the penetrating GCRs and the gamma rays from the
RTGs.

5.1 Advantages of MFSA Data

The MF Spectrum Analyzer uses the Pulse Height Analyzer of the HISCALE instrument to achieve
higher energy resolution of the energetic particle rates. The major advantage of the MFSA data as
opposed to the traditional discriminator rates is energy resolution. The discriminators yield eight ion
energy channels for the magnetically shielded detectors, and four ion and three electron energy channels
for the foil shielded detectors. The DE detector provides four electron energy channels. The MFSA
yields 32 energy channels for all four of the LEMS and LEFS detectors, although the first five and last
two channels are unusable. This still leaves 25 usable ion energy channels for ions and 12 usable electron
energy channels. The singular drawback to using the MFSA data is the poor time resolution. In order
to achieve the higher energy resolution, the counts measured by the MFSA are accumulated over a 17-
minute cycle. For investigations that require hourly- or daily-averaged particle data, there is no reason
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for not using the MFSA data. The only reason for choosing the traditional discriminator data over the
MFSA data is if a study requires greater than 17-minute time resolution, such as studies of event onsets.

5.2 Background Rates for the HISCALE Instrument

From the results of the analysis of the background rates presented in Section 3.1, we draw the following
conclusions:

1. The main contributors to the HISCALE background rates in all energy channels are GCRs of
energy 145 to 440 MeVs and perhaps greater.

2. Secondary contributors to the HISCALE background rates in energy channels below about 500
keVs are gamma rays from the RTG.

3. The RTG contribution to the background rates is time-independent.

4. The GCR contribution to the background rate is time-varying in a manner predictable by measuring
the GCR rates using the channel P11 of the CPME instrument on-board IMP-8 and channel K31
of the KET instrument on Ulysses.

5. The spatial variations in the GCR contributions are significant only during the fast latitude scan
portion of the Ulysses orbit.

The very close agreement between the IMP-8 measured GCRs and the estimated high energy MFSA
background rated, W1bandLW2h provides excellent evidence that the background rates seen in the
MFSA data are induced by penetrating GCRs. This evidence is strengthened by the fact that the IMP-8
GCR data follows the time-variance of th&/1bandLW2bvalues so well. The only time during the

entire Ulysses mission during which the IMP-8 data and the MFSA data do not follow the same time
variance is during the fast latitude scan, which is attributable to GCR modulation as measured by the
COSPIN instrument.

At energies less thar’500 keVs, below MFSA channel 20, the RTG gamma rays also contribute
strongly to the background rates in the MFSA data. At higher energies, the RTG contribution diminishes
rapidly. This concurs with the measured results from the preflight laboratory test and with the numerical
simulation made by Gomez [1996]. These RTG-induced rates are essentially time-independent. Al-
though the emitted gamma ray spectrum of the RTG changes over time as the plutonium fuel decays, the
overall energy flux, and therefore the total energy striking the detector, changes minimally if at all. No
trend over time was noticed in this study, and we conclude that the assumption of a time-independent
RTG contribution to the total background counts is a safe one.

120



5.3 Steady-State Foreground Proton and Electron Spectra

One of the most striking results of this study is the extraordinary similarity in the quiet-time electron and
proton spectra throughout the inner heliosphere. There were no apparent radial or latitudinal gradients
in these steady-state populations of particles. The only distinct differences were not a function of the
region, but the direction the detector was looking, save for the equatorial protons. In all regions, the
radial direction showed the greatest deviation from the other directions. The fact that the fluxes in the
radial direction differ from the fluxes in normal and tangential directions is not surprising. What is
surprising is that the fluxes are substantially lower in the radial direction for both protons and electrons.
This indicates that the processes that create these foreground populations of protons and electrons occur
in the inner heliosphere rather than near the solar surface or in the outer heliosphere (10+ AU). If the
source of these particles was the lower corona, then the fluxes observed while looking sunward would
be elevated as compared to the tangential and normal directions. Likewise, if the outer heliosphere were
the source of these particles, then the fluxes would be elevated while looking in the +R, antisunward,
direction.

The segmented nature of the particle spectra observed indicates that there are several processes that
are responsible for producing the steady-state foreground population of protons and electrons. In the
proton data, there are two distinct particle populations noticed in the tangential and normal directions
and four different populations noticed in the radial direction. The shapes of the proton spectra are subtly
different between the polar and equatorial regions. Listed in Table 5.1 are the best functional fits to the
observed proton spectra. One difference noted in the equatorial spectra is that the tangential and normal
fluxes are distinctly greater at perihelion than at aphelion in the middle part of the observed range of
energies, and that the fluxes in the equatorial regions are distinctly greater than the polar fluxes at all
energies.

The electron fluxes were also similar in shape but different in intensity between the polar and equato-
rial regions. Another similarity between the polar and equatorial electron spectra is the strong difference
between the radially aligned fluxes and the tangential and normal aligned fluxes. In both regions, the
radial fluxes were significantly lower than the tangential and normal fluxes. The tangential and normal
fluxes were in good agreement with each other. The functional fits to the electron spectra in these dif-
ferent regions seen in the R, T, and N directions are shown in Table 5.2. The observed electron spectra,
as with the proton spectra, are aggregates of multiple particle populations. At least two, and in some
cases three, different components to the electron spectra were observed. At low energies, the electron
spectra are very steep, having power law exponents near -4. Above about 60 keV, the electron spectra in
all regions and directions flatten dramatically resulting in a power law slope of nearly -1. This suggests
that sub-Dreicer electric fields may be responsible for generating the electrons of energies greater than
60 keV. Sub-Dreicer fields are known to produce electron spectra that is power law in form with1.

There appears to be a third population of electrons that have been accelerated to approximately 300 keV.
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Table 5.1: Proton spectra for the polar and equatorial regions.

Region Direction Functional Fit to Averaged Spectra

Polar  +T,=N  J(E) = 9.5 x 10 3exp {—5.0 x 10~ (E — 137)2J
+0.30 - £091

Polar R J(E) = 7.4 x 10 3exp [—9.2 x 1074 (E — 90)2}

+1.5 x 107 3exp | —3.1 x 1075 (E — 255)°

+5.4 x 10~ 4exp | —3.3 x 1076 (E — 390)°

+1.20 x 10~ %exp [—6.9 x 1078 (B — 700)2}
Perihelion T, N J(E) = 3.9 x 10 3exp [—8.3 x 1076 (E — 10)2}

127 B-116

Aphelion =T, +N  J(E) = 1.14 x 10~ 2exp | ~1.37 x 10~ (E — 9.3)2}
+0.30 - B0-92

Equatorial  -R  J(E) = 1.11 x 10 2eap [—2.9 x 1074 (E — 90)2}

+5.2 x 10 3eap [-2.8 x 1073 (E — 122)]
12,0 x 10~ 4exp [—7.3 x 1078 (E — 700)2}

This population appears as a bump in an otherwise power law spectrum centered at 300 keV.

5.4 Items for Future Work

The benefits of the MFSA data are obvious after seeing the complexity of particle spectra described
in the previous section. This data set as of the writing of this document represents the most complete
description of solar energetic particles in the inner heliosphere, the nature of their spectra, and their
variation in time and space for time scales larger than 17 minutes. There are some aspects of solar
energetic particle physics for which it is not appropriate to use this data set, such as the determination of
event onset times for electron and impulsive ion events. The MFSA data are extremely well suited for
larger time-scale phenomena such as CIRs or other recurrent events, and the decay of electron events.
There are several questions that remain about the nature of SEP spectra that this data set can address.

1. How do ion and electron spectra vary with time during CIR events?
2. How do the ion and electron spectra differ between impulsive and recurrent events?

3. Do the ion and electron spectra differ for impulsive events during solar maximum and solar mini-
mum?
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Table 5.2: Electron spectra for the polar and equatorial regions.

Region Direction Functional Fit to Averaged Spectra
Polar +T, +N J(E)=10"% . E~T +0.70 . E-09
South Pole & -R  J(E)=100000- E~*! +0.019 - E~0-47
Streamer Belt £0.0017 - exp {0.0035 (E - 280)2}

North Pole -R J(E) =0.069 - £~0-72

40.0015 - exp [0.00065 (E — 290)2
Equatorial 4T, =N J(E)=10'.EF~11 +0.35- E~08!
Equatorial -R J(E)=10°-E~%64+0.31- 0%

£0.0032 - exp [0.00012 (E— 350)2}

(*) The first term in these fits are extremely uncertain. More data points at lower energies are really
needed for the results to be more reliable.

4. Do the quiet-time ion and electron spectra differ during solar maximum and solar minimum?

Implied in all of the above questions is the following question: “Are there different populations of ions
and electrons being seen, and what processes are responsible for accelerating those particles?” It is
abundantly obvious from the examination of the quiet-time foreground ion and electron spectra that
there are multiple processes that accelerate solar particles to the energies observed by HISCALE, 60
keV to 4000 keV for ions and 40 keV and 300 keV for electrons. There is also a recent idea in he-
liospheric physics that this data may be able to address. Maclennan et al. [2001] have shown that for
many impulsive particle events, the fluxes seen by the EPAM instrument on ACE and the fluxes seen by
HISCALE merge during the decay phase of the event. This has been attributed by some to a “particle
reservoir” [Roelof et al., 1992] that exists in the inner heliosphere. It is my suspicion that the common
factor being seen in these events is the decaying of particle intensities down to the steady-state fore-
ground spectra described in Section 4.3. This reservoir has been characterized as “very leaky,” but there
may be sufficient scattering of these particles by magnetic irregularities to generate the steady-state fore-
groud demonstrated in this study. The geometry of this reservoir would be rather uniform as a function
of latitude, and reasonably uniform in radial distance, at least from 1 to 5 AU. Since the spectra of the
foreground population of energetic particles have been shown to be reasonably consistent in form and
intensity at latitudes greater than 20 degrees, it would be interesting to use the north polar pass beginning
at +20 degrees as Ulysses heads north from perihelion to +20 degrees as Ulysses is headed south toward
aphelion to evaluate any radial gradients there may be in this reservoir of particles.

The next logical step is to prepare the EPAM MFSA data in the same manner as was done with
the HISCALE. There are major differences in how the EPAM and HISCALE data would be processed,
though. Since ACE uses solar panels and not RTGs for power generation, the background correction for
EPAM would be very different than for HISCALE. ACE is also much closer to the Sun than Ulysses,
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so contamination of the LEMS30 MFSA data is a much larger problem than with HISCALE. In fact,
the problem is so extreme as to render the LEMS30 data unusable. There was also a malfunction that
rendered the LEFS150 detector unusable. These two problems are discussed in detail in Section 2.3.3.
This leaves only the LEFS60 and LEMS120 data that are clean and usable. The radial variation noted
in the steady-state foreground fluxes in this study would not be able to be examined, but investigating
how the tangentially and normally aligned fluxes vary in space would be possible. Since the greater
intensities of particles were seen in the tangential and normal directions by HISCALE, the unavailability
of the LEMS30 and LEFS150 data from EPAM may not be as detremental as first thought. The benefit to
having similar data from EPAM as we now have from HISCALE is that EPAM could serve as a baseline
for examining in more detail the secular variations in the steady-state foreground spectra. With only the
HISCALE data, it is difficult to separate temporal variations from secular variations.

5.5 Summary

The benefits of the products of this study are numerous. The result of this work is the production of
a data set that is unmatched with regards to its temporal and spatial coverage, instrument sensitivity
and calibration, and energy resolution. Ulysses has finished two full orbits of the Sun, one during solar
minimum one during solar maximum, covering a range of radial distances and heliolatitudes. This data
set is the best suited for analysis of nearly any energetic particle phenomenon between 1 and 5 AU at any
heliolatitude.

The high energy resolution of this data set allows the determination of source processes. Being able
to distinguish smaller details in the energy spectra of these particles permits one to better determine what
processes were involved in the acceleration of the particles. The spectra of the steady-state foreground
particles shown in Section 4.3 are exceedingly complex. This complexity has not previously been no-
ticed. Previous data sets, even from Ulysses, have had at best only 1/3 of the energy resolution as the
MFSA data set. The small variations in the energy spectra, knees, breaks, rollovers, and the like, were
not seen previously because the insensitivity of the energy determinations.

The data set represent a true accounting of the foreground particle population. The background has
been reliably removed and the different particle species have been separated so that what is generated
is an actual accounting of heliospheric particles. This enables us to generate an accurate estimate of the
production of energetic particles by the inner heliosphere and identify the directionality and intensity of
any particle flows. Furthermore, the variation of this production can be examined as a function of latitude
and solar cycle with the same instrument. Never before in heliospheric physics has this been possible.

On the larger scale of understanding, our Sun is not especially unique, aside from its not being part
of a two, three, or four star system. Examining our own Sun helps in the understanding of other G-
class main sequence stars. It is known that other stars have magnetic cycles similar to our Sun, so by
understanding our own Sun better, we also understand stars similar to our Sun better.
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Appendix A
ULYBKGR.FOR User’s Guide

Technical White Paper for the Ulysses-HISCALE Background Rate
Software

J. D. Patterson and T. P. Armstrong

Fundamental Technologies, LLC
2411 Ponderosa Dr., Suite A
Lawrence, KS 66046
Phone: (785) 840-0800

Fax: (785) 840-0808

This software is provided to the HISCALE Team for the purpose of determining the background
levels in the MFSA and RATE data for the M, F, M’ and F’ detectors. The background rates provided by
this software are the result of the application of a technique demonstrated by Patterson and Armstrong
[2001] of using the IMP-8 data to determine the GCR contribution to the overall background rates. A
data quality flag is included in the software to warn the user. The normalization factors for the model
spectrum used to determine the background rates is provided in a separate file. The team will be provided
with updated normalizations as more data are made available.
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A.1 Introduction

In previous studies, the background rates for the HISCALE detectors were determined by searching
the data time-series for minimum counts and assuming that the background rates were time invariant
[Simnett, 1994]. Other studies made the assumption that the background rates varied with heliolatitude
[Tappin, 1994]. These earlier attempts dismissed the possibility of a time-varying background rate.
With the over 10 years of data now collected by HISCALE, a time-varying trend in the GCR-induced
background rates was noticed [Patterson and Armstrong, 2001]. The trend was only noticed as a result
of the simultaneous investigation of the data from IMP-8 and Ulysses. The results of our method to
determine a rough value for the HISCALE backgrounds were noticed to bear a strong resemblance to
the IMP-8 P11 time-series. It was then realized that the correlation between the two could be made.
The process of utilizing the IMP-8 data to model the HISCALE background is presented in a report by
Patterson and Armstrong [2001] to the HISCALE team. Details about the computational methods and
models can be found in Patterson’s report. This document focuses on the application of the results of the
model. The other component to the total HISCALE background rates are the rates induced by the RTG
gamma rays. Many experimental measurements and numerical simulations have been done to determine
the contribution to the total background rates by the RTG. A preflight measurement was taken with the
RTG and the HISCALE package in the same relative positions they now have on the spacecraft [Gold,
1984], and a numerical simulation of the response was done by Gomez [1996]. The RTG-induced rates
used in the ULYBKGR.FOR subroutine are those obtained by the Patterson and Armstrong [2001] study.

A.2 Structure

The tabular data accessed by ULYBKGR.FOR is provided via a series of DATA statements rather than
reading the data from a file on disc. The drawback is that the subroutine must be recompiled at each
update to the available data, whereas the advantage is the increase in the speed of the software. Disc I/O
is slow and with the large quantity of data used by ULYBKGR.FOR the access time will be high. With
the data compiled into the object file, the access time is greatly reduced, thereby reducing the amount of
costly CPU time required. All of the time-invariant data are contained within the ULYBKGR.FOR file,
but the time-varying normalization factors are contained in a separate file, SCALE.INC. This is done to
allow for easy updates to the software as more data are made available. Upon taking the day-of-mission
(DOM) as an input from the user, the subroutine loads the tabular data required. These data include
the energy thresholds for the MFSA and RATE channels, the RTG contribution to the background, the
parameters for the modeled MFSA background spectrum, and the time-varying normalization of the
background spectrum, and then the mid-point energies for the MFSA channels are computed. The DOM
is compared to the available range of days in the current data set. If the DOM is within the available
range, then the program continues with no changes. If the DOM requested by the user is outside the
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available range, then the last day of data available is used instead and the data quality flag is set to
a value of two, indicating an estimated result. Once the normalization data for the requested day are
acquired, the GCR contributions to the MFSA background are computed using the following model:

a

(E—b)°-exp (ﬁ) —e

RGCR—background(Ea t) = A(t) ’ —f

The parametera thoughf are defined in the software as the array FIT. A in the equation above
is the normalization factor for the requested DOM. The resulting GCR-induced rates are then added,
channel-by-channel, to the RTG-induced rates to yield the total background rates in the MFSA channels.
In order to obtain the background rates for the RATE channels, the MFSA data were integrated over the

individual RATE channel energy passbands. As an example, here is how the background rate for P3 is
determined:

ratebkgr(1,3)=
((mfsaeng(13)-rateeng(1,3))/(mfsaeng(12)-mfsaeng(13)))*
mfsabkgr(1,12)+mfsabkgr(1,13)+mfsabkgr(1,14)+
((rateeng(1,4)-mfsaeng(15))/(mfsaeng(15)-mfsaeng(16)))*
mfsabkgr(1,15)

+ o+ o+ o+

Similar methods are used for the other RATE channels. With the background rates now determined for
the MFSA and RATE channels, the values and the data quality flag are returned to the user.

A.3 Usage

This software is a FORTRAN77 subroutine which accepts from the user the day-of-mission (DOM) and
returns two arrays containing the MFSA and RATE block background rates and a data quality flag. The
two data arrays contain the background rates in the 32 MFSA channels of the M, F, M’, and F’ detectors,
the eight RATE channels for M and M’ (P1 to P8), and the seven RATE channels for F and F' (E1 to
FP7). Here is a sample calling statement:

CALL ULYBKGR(DOM,RATEBKGR,MFSABKGR,DQF)

where the arguments are declared in the following manner:

INTEGER*2 DOM
REAL*4 RATEBKGR(4,8)
REAL*4 MFSABKGR(4,32)
INTEGER*2 DQF
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The day-of-mission numbering begins with day 318 of 1990 as day 1. All other days are numbered

sequentially from that initial date with no gap. The first coordinate for the data arrays indicates the

detector where 1=M, 2=F’, 3=M’, and 4=F. The second coordinate indicates the energy channel. For the
F and F’ portions of the RATEBKGR array, the eighth element is unused and set to zero. Therefore, the
background rate for P5’ would be stored in RATEBKGR(3,5). The data quality flag, DQF, has the value 1

if the data are good and without availability errors. DQF has a value of 2 if the DOM requested is outside

the bounds of the current version of the software. When this occurs, the last value of the normalization
factor is used.

A.4  Applying Updates

The initial version of the SCALE.INC file contains data up to and including 3tet!” day of the
mission. As more IMP-8 data and HISCALE data are made available, this file will be updated and
distributed to the HISCALE team. To apply the updates, simply remove or rename the previous copy
of the SCALE.INC file and place the new version in the same directory as the ULYBKGR.FOR source
code. The version number for the SCALE.INC file can be found at the top of the file within the header
block. With the new version of the include file in place, recompile the ULYBKGR.FOR code so that the
new data are incorporated in the object file.

A.5 Source Code

A.5.1 ULYBKGR.FOR Source Code

This is the FORTRAN77 source code for the ULYBKGR.FOR subroutine. This code was written for
an i586 machine running RedHat Linux 7.0, but there is no platform-specific code involved. The code
should compile as-is, without modification, on any architecture-OS combination.

The program ULYBKGR.FOR uses the results of a study by

J. D. Patterson and T. P. Armstrong on the sources of background
counts produced in the M, F, M’ and F’ detectors of EPAM and
HISCALE. This program takes as its input a requested time

in the form of day-of-mission (DOM) and returns the background
rates in MFSA and RATE channels of the M, F, M’ and F detectors
of the HISCALE instrument. Variable definitions are given

in the variable declaration section of the following code.

Please direct any questions about this software or the study

that made this software possible to Doug Patterson at

OO0 00000000600
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c dpatter@ulysses.ftecs.com. Fundamental Technologies, LLC owns
c the copyright to this software. Modifications or unauthorized
c distribution of this software is prohibited.
c
c J. Douglas Patterson, Jan. 2001
c Fundamental Technologies, LLC
c 2411 Ponderosa Dr. Suite A
o Lawrence, KS 66046
c tel. (785) 840-0800
c fax. (785) 840-0808
g**********************************************************************
c
subroutine ulybkgr(dom,mfsabkgr,ratebkgr,domflag)
c
implicit none
c
C******)\'************)\'************)\'*************************************
c
c ** Variable Declarations and Definitions **
c
character*365 header  !text variable to skip file headers
character*80 gcrfile  Ifilename containing GCR rates
c
integer i,j,k,q Idummy iindicies
integer dom Iday-of-mission time from driver
integer domflag Idata availibility flag
I1=dom is within availible range
I2=dom is outside availible range
integer year,day lyear and day for data from GCR file
c
real fit(6) IFit parameters for modeled background
real rtgbkgr(4,32) IRTG-induced rates (detector, MFSA channel)
Idetector, 1=M, 2=F', 3=M’, 4=F
real inputgcr(32) IGCR-induced rates per record (channel)
real gcrbkgr(32) IGCR-induced rates (MFSA channel)
real mfsaeng(33) IMFSA energy thresholds (channel)
real mfsamid(32) IMFSA mid-point energies (channel)
real rateeng(4,9) IRATE energy thresholds (detector,channel)
Idetector, 1=M, 2=F', 3=M’, 4=F
real mfsabkgr(4,32) IMFSA background rates (detector,channel)
Idetector, 1=M, 2=F, 3=M’, 4=F
real ratebkgr(4,32) IRATE background rates (detector,channel)
Idetector, 1=M, 2=F', 3=M’, 4=F
c

include ’scale.inc’
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CHRFFRRRkkk kol koo koo kool b kool ke koo

OO0 000 o0

** Define MFSA and RATE Energy Thresholds **

data mfsaeng/ 13.6330,16.5094,19.9929,24.2124 ,29.3237,35.5157,
43.0174,52.1064,63.1193,76.4646,92.6376,112.239,135.999,
164.801,199.720,242.061,293.407,355.682,431.224,522.872,
634.081,769.048,932.881,1131.79,1373.35,1666.76,2023.25,
2456.48,2983.13,3623.52,4402.47,5350.28,6503.03/

+ + + +

do i=1,32
mfsamid(i)=sqrt(mfsaeng(i)*mfsaeng(i+1))
end do

LEMS30 LEFS60 LEMS120 LEFS150
data rateeng/ 56.00, 42.00, 61.00, 40.00,
78.00, 64.00, 77.00, 65.00,
130.0, 112.0, 127.0, 107.00,
214.0, 178.0, 207.0, 170.0,
337.0, 290.0, 336.0, 280.0,
594.0, 546.0, 601.0, 540.0,
1073., 761.0, 1123., 765.0,
1802., 1223., 1874., 1223,
4752., 4974., 4752., 4942.]

+ ++ ++ + + +

*% *% *% *% *% *% *% *% *% *%

** Define RTG and GCR-Induced Background Rates **

LEMS30 LEFS60 LEMS120 LEFS150
data rtgbkgr/ 1.67E-01, 4.76E-01, 8.94E-03, 0.00E+00,
9.23E-02, 2.45E-01, 1.39E-02, 1.48E-03,
5.78E-02, 1.09E-01, 3.39E-02, 1.07E-02,
5.94E-02, 9.71E-02, 8.48E-02, 3.47E-02,
8.06E-02, 1.43E-01, 1.56E-01, 6.53E-02,
8.54E-02, 1.54E-01, 2.05E-01, 7.06E-02,
9.46E-02, 1.87E-01, 3.01E-01, 7.28E-02,
1.27E-01, 2.39E-01, 3.27E-01, 8.92E-02,
1.47E-01, 2.68E-01, 3.87E-01, 9.89E-02,
1.51E-01, 2.72E-01, 4.06E-01, 1.06E-01,
1.43E-01, 2.45E-01, 3.84E-01, 9.98E-02,
1.32E-01, 2.16E-01, 3.55E-01, 9.00E-02,
1.11E-01, 1.79E-01, 3.20E-01, 7.73E-02,
9.20E-02, 1.59E-01, 2.80E-01, 6.67E-02,
7.80E-02, 1.23E-01, 2.37E-01, 4.94E-02,

+++ ++++++++++ o+
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6.60E-02, 9.58E-02, 1.96E-01, 3.89E-02,

4.00E-02, 5.28E-02, 1.29E-01, 2.11E-02,

2.40E-02, 2.28E-02, 7.15E-02, 1.00E-02,

1.14E-02, 2.25E-03, 3.18E-02, 2.38E-03,

6.40E-03, 0.00E+00, 1.17E-02, 0.00E+00,
4.00E-04, 0.00E+00, 3.67E-04, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00,
0.00E+00, 0.00E+00, 0.00E+00, 0.00E+00/

++ 4+ +++++++ o+

data fit/ 5000,-12.8,1.74,209,-0.698,-0.002/

if (dom.gt.nscl) then
dom=nscl
domflag=2

else
domflag=1

end if

do j=1,32
gcerbkgr(j)=scle(dom)*(fit(1)/(((mfsamid(j)-fit(2))**fit(3))
+ *exp(fit(4)/(mfsamid(j)-fit(2)))-fit(5))-fit(6))
end do
c

C**********************************************************************

** Determine the MFSA and RATE Background Rates **
*x for the Given Day-Of-Mission *x

O 00000

*»* MFSA Rates **
10 do i=1,4
do j=1,32
mfsabkgr(i,j)=gcrbkgr(j)+rtgbkgr(i,j)
end do
end do

c *»* M and M’ Rates **
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++++ ++++ ++++ A+ + A+ ++ A+ A+ o+ +++

+ + + +

+ + + + +

do i=1,3,2

ratebkgr(i,1)=
((mfsaeng(9)-rateeng(i,1))/(mfsaeng(8)-mfsaeng(9)))*
mfsabkgr(i,8)+mfsabkgr(i,9)+
((rateeng(i,2)-mfsaeng(10))/(mfsaeng(10)-mfsaeng(11)))*
mfsabkgr(i,10)

ratebkgr(i,2)=
((mfsaeng(11)-rateeng(i,2))/(mfsaeng(10)-mfsaeng(11)))*
mfsabkgr(i,10)+mfsabkgr(i,11)+
((rateeng(i,3)-mfsaeng(12))/(mfsaeng(12)-mfsaeng(13)))*
mfsabkgr(i,12)

ratebkgr(i,3)=
((mfsaeng(13)-rateeng(i,3))/(mfsaeng(12)-mfsaeng(13)))*
mfsabkgr(i,12)+mfsabkgr(i,13)+mfsabkgr(i,14)+
((rateeng(i,4)-mfsaeng(15))/(mfsaeng(15)-mfsaeng(16)))*
mfsabkgr(i,15)

ratebkgr(i,4)=
((mfsaeng(16)-rateeng(i,4))/(mfsaeng(15)-mfsaeng(16)))*
mfsabkgr(i,15)+mfsabkgr(i,16)+
((rateeng(i,5)-mfsaeng(17))/(mfsaeng(17)-mfsaeng(18)))*
mfsabkgr(i,17)

ratebkgr(i,5)=
((mfsaeng(18)-rateeng(i,5))/(mfsaeng(17)-mfsaeng(18)))*
mfsabkgr(i,17)+mfsabkgr(i,18)+mfsabkgr(i,19)+
((rateeng(i,6)-mfsaeng(20))/(mfsaeng(20)-mfsaeng(21)))*
mfsabkgr(i,20)

ratebkgr(i,6)=
((mfsaeng(21)-rateeng(i,6))/(mfsaeng(20)-mfsaeng(21)))*
mfsabkgr(i,20)+mfsabkgr(i,21)+mfsabkgr(i,22)+
((rateeng(i,7)-mfsaeng(23))/(mfsaeng(23)-mfsaeng(24)))*
mfsabkgr(i,23)

ratebkgr(i,7)=
((mfsaeng(24)-rateeng(i,7))/(mfsaeng(23)-mfsaeng(24)))*
mfsabkgr(i,23)+mfsabkgr(i,24)+mfsabkgr(i,25)+
((rateeng(i,8)-mfsaeng(26))/(mfsaeng(26)-mfsaeng(27)))*
mfsabkgr(i,26)

ratebkgr(i,8)=
((mfsaeng(27)-rateeng(i,8))/(mfsaeng(26)-mfsaeng(27)))*
mfsabkgr(i,26)+mfsabkgr(i,27)+mfsabkgr(i,28)+
mfsabkgr(i,29)+mfsabkgr(i,30)+
((rateeng(i,9)-mfsaeng(31))/(mfsaeng(31)-mfsaeng(32)))*
mfsabkgr(i,31)

end do

* E and F Rates **

do i=2,4,2
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ratebkgr(i,1)=
((mfsaeng(7)-rateeng(i,1))/(mfsaeng(7)-mfsaeng(6)))*
mfsabkgr(i,6)+mfsabkgr(i,7)+mfsabkgr(i,8)+
((rateeng(i,2)-mfsaeng(9))/(mfsaeng(10)-mfsaeng(9)))*
mfsabkgr(i,9)

ratebkgr(i,2)=
((mfsaeng(10)-rateeng(i,2))/(mfsaeng(10)-mfsaeng(9)))*
mfsabkgr(i,9)+mfsabkgr(i,10)+
(rateeng(i,3)-(mfsaeng(11))/(mfsaeng(12)-mfsaeng(11)))*
mfsabkgr(i,11)

ratebkgr(i,3)=
((mfsaeng(12)-rateeng(i,3))/(mfsaeng(12)-mfsaeng(11)))*
mfsabkgr(i,11)+mfsabkgr(i,12)+mfsabkgr(i,13)+
((rateeng(i,4)-mfsaeng(14))/(mfsaeng(15)-mfsaeng(14)))*
mfsabkgr(i,14)

ratebkgr(i,4)=
((mfsaeng(15)-rateeng(i,4))/(mfsaeng(15)-mfsaeng(14)))*
mfsabkgr(i,14)+mfsabkgr(i,15)+
((rateeng(i,5)-mfsaeng(16))/(mfsaeng(17)-mfsaeng(16)))*
mfsabkgr(i,16)

ratebkgr(i,5)=
((mfsaeng(21)-rateeng(i,6))/(mfsaeng(21)-mfsaeng(20)))*
mfsabkgr(i,20)+
((rateeng(i,7)-mfsaeng(21))/(mfsaeng(22)-mfsaeng(21)))*
mfsabkgr(i,21)

ratebkgr(i,6)=
((mfsaeng(22)-rateeng(i,7))/(mfsaeng(21)-mfsaeng(22)))*
mfsabkgr(i,21)+mfsabkgr(i,22)+mfsabkgr(i,23)+
((rateeng(i,8)-mfsaeng(24))/(mfsaeng(25)-mfsaeng(24)))*
mfsabkgr(i,24)

ratebkgr(i,7)=
((mfsaeng(25)-rateeng(i,8))/(mfsaeng(25)-mfsaeng(24)))*
mfsabkgr(i,24)+mfsabkgr(i,25)+mfsabkgr(i,26)+
mfsabkgr(i,27)+mfsabkgr(i,28)+mfsabkgr(i,29)+
mfsabkgr(i,30)+
((rateeng(i,9)-mfsaeng(31))/(mfsaeng(32)-mfsaeng(31)))*
mfsabkgr(i,31)

ratebkgr(i,8)=0.00

end do

return
end
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A.5.2 SCALE.INC Source Code

This is the file which contains the normalization factors for the HISCALE background model. Each new
update to the software will include a current SCALE.INC file that contains the latest results. This file
also will update the size of the SCLE vector as more data are included.

OO0 OO0 O00O0000O00O0O0O0O0OO0O0OO06OO00

E
%

E
%
%
E
%
E
%
%
p
E
%
E
%
%
p
%
%
E
%
%
p
%
%
E
%
%
p
*

SCALE.INC is part of the ULYBKGR.FOR subroutine for determining
the background rates for the M, F, M’, and F' detectors of the
HISCALE instrument on board Ulysses. The data contained here
are the time-varying normalization factors for the modeled GCR
contribution to the total MFSA background rates.

Please direct any questions about this software or the study

that made this software possible to Doug Patterson at
dpatter@ulysses.ftecs.com. Fundamental Technologies, LLC owns
the copyright to this software. Modifications or unauthorized
distribution of this software is prohibited.

J. Douglas Patterson, Jan. 2001
Ver. 1.0 Fundamental Technologies, LLC

2411 Ponderosa Dr. Suite A

Lawrence, KS 66046

tel. (785) 840-0800

fax. (785) 840-0808

C**********************************************************************

c

real scle(3644) INormalization of GCR-induced background
integer nscl INo. of elements in SCLE vector
nscl=3644

data scle/ .524, 527, .529, .533, .536,
539, .542, 542, 542, 542,
.543, 544, 545, 545, 547,
.546, .544, 540, .540, .544,
.550, .554, 551, .543, .533,
.522, 519, .520, .526, .535,
542, 548, .545, .541, .536,
.532, 529, .525, 526, .531,
.538, .541, .539, .540, .545,
.550, .554, 554, 554, 554,
.553, .552, .552, .555, .558,

+ 4+ + 4+ 4+ + + 4+ + +
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.560, .564, .567, .567, .565,
.563, .565, .567, .569, .566,
.564, .562, .559, .559, .559,
559, .560, .571, .599, .637,
.686, .704, .711, .701, .678,
.648, .606, .579, .570, .577,
593, .602, .598, .585, .576,
.570, .573, .577, .582, .585,
.588, .588, .589, .589, .589,
.589, .590, .596, .604, .609,
.612, .611, .610, .606, .600,
592, .582, 578, .578, .577,
576, .569, .573, .592, .623,
.660, .658, .634, .590, .552,
532, .526, .529, .532, .535,
.535, .535, .535, .535, .535,
.535, .557, .624, .738, .898,
.997,1.010, .928, .776, .655,
574, 540, .534, .532, .530,
.530, .530, .533, .538, .545,
.550, .552, .552, 552, .556,
.556, .547, .535, .528, .534,
.544, 553, .556, .560, .568,
577, 585, .577, .565, .556,
.557, .566, .579, .579, .575,
.565, .555, .544, 545, .545,
.564, .599, .654, .698, .729,
745, 738, .723, .695, .663,
.632, .612, .619, .653, .711,
.786, .838, .869, .879, .879,
.879, .879, .879, .879, .879,
.879, .879, .879, .879, .875,
.863, .844, .806, .760, .706,
.644, .609, .592, .596, .613,
.625, .633, .636, .636, .636,
.636, .636, .636, .636, .636,
.636, .636, .625, .592, .539,
467, 422, 406, .415, .438,
454, 461, .456, .446, .435,
428, 426, 427, 431, .437,
442, 443, 443, 441, 441,
443, 444, 446, .449, .450,
451, 452, 453, .453, .460,
467, 473, .480, .481, .476,
465, 453, .449, .464, .483,
.500, .514, .514, .506, .494,
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483,
496,
512,
524,
.534,
.540,
.537,
541,
.576,
592,
543,
591,
.653,
574,
574,
572,
.588,
.603,
.628,
.612,
.598,
575,
.616,
.635,
.681,
.633,
.609,
.587,
.616,
.646,
.648,
.618,
.605,
.605,
.621,
.604,
.578,
577,
.617,
.668,
.612,
.643,
.679,
.643,
.650,
.654,

482,
.502,
513,
527,
.533,
.540,
.538,
.543,
.583,
.584,
.546,
.609,
.639,
.580,
571,
.581,
.585,
.615,
.621,
.612,
591,
.579,
.615,
.653,
.663,
.633,
.603,
.589,
.620,
.650,
.651,
.607,
.599,
.612,
.614,
.611,
572,
.579,
.640,
.668,
.611,
.656,
.675,
.644,
.654,
.656,

483,
.506,
.515,
.531,
.532,
.540,
.540,
.550,
.589,
572,
.554,
.631,
.618,
.586,
.566,
.591,
.585,
.626,
.616,
.611,
.584,
.588,
.614,
.674,
.663,
.630,
.599,
.596,
.624,
.648,
.652,
.604,
.592,
.617,
.607,
.612,
572,
.586,
.668,
.655,
.615,
.666,
.665,
.645,
.655,
.660,

489,
.510,
.516,
534,
.534,
.538,
541,
.558,
592,
.557,
.563,
.646,
.589,
.585,
.564,
592,
.586,
.630,
.612,
.608,
579,
.600,
.616,
.688,
.663,
.626,
594,
.604,
.632,
.650,
.645,
.605,
592,
.620,
.600,
.604,
573,
.590,
.679,
.641,
.625,
677,
.654,
.647,
.656,
.669,

493,
511,
519,
.533,
.536,
.537,
541,
.566,
594,
547,
576,
.655,
.576,
579,
.566,
591,
592,
.631,
.612,
.605,
575,
.611,
.622,
.692,
.642,
.617,
.590,
.613,
.641,
.648,
.632,
.606,
.600,
.623,
.598,
591,
574,
.599,
677,
.625,
.633,
.679,
.646,
.647,
.654,
.680,
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.691,
.710,
.669,
.655,
.644,
.649,
.698,
.699,
.703,
.691,
.694,
711,
723,
722,
717,
744,
749,
743,
763,
.758,
.755,
787,
74,
.740,
762,
.758,
764,
.813,
.801,
716,
.720,
782,
.840,
.827,
.837,
.790,
.764,
.802,
.850,
.849,
.853,
.850,
.785,
.790,
.819,
.832,

.700,
707,
.665,
.654,
.639,
.662,
.706,
.697,
.695,
.692,
.694,
713,
719,
719,
717,
.750,
749,
737,
770,
.748,
.761,
793,
767,
743,
.763,
745,
.785,
.820,
.785,
.698,
737,
.790,
.848,
.817,
.845,
776,
.769,
.821,
.845,
.852,
.853,
.841,
.785,
.796,
.820,
.843,

.706,
.699,
.663,
.655,
.637,
.676,
.709,
.701,
.688,
.690,
.701,
717,
715,
718,
719,
.750,
.750,
.738,
774,
.740,
767,
.796,
.758,
748,
.764,
735,
.800,
.827,
772,
.694,
753,
.800,
.848,
.815,
.848,
767,
775,
.838,
.843,
.853,
.853,
.826,
.788,
.801,
.813,
.852,

707,
.688,
.661,
.653,
.637,
.685,
.708,
.703,
.687,
.690,
.705,
722,
716,
716,
724,
753,
752,
742,
773,
741,
72,
792,
749,
754,
767,
731,
.807,
.827,
757,
.702,
.765,
.815,
.848,
.819,
.838,
.765,
.785,
.849,
.842,
.853,
.853,
.806,
.788,
.809,
.813,
.860,

.709,
.676,
.658,
.650,
.641,
.696,
.706,
.706,
.690,
.691,
.708,
722,
718,
716,
732,
751,
.748,
.755,
.769,
745,
778,
.784,
744,
.760,
.765,
743,
.809,
.816,
739,
.720,
773,
.827,
.838,
.826,
.814,
.764,
.785,
.852,
.845,
.853,
.853,
.790,
787,
.816,
.822,
.868,
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.873,
.848,
.838,
.861,
.856,
.870,
.849,
.831,
.838,
.861,
.850,
.848,
.851,
.880,
.863,
.862,
.842,
.822,
.862,
.808,
.833,
.849,
.856,
.826,
.808,
.842,
.833,
.858,
.869,
.869,
.856,
.871,
.848,
.876,
.900,
.858,
.907,
.872,
.864,
.896,
916,
942,
.893,
.880,
.894,
.933,

.872,
.843,
.843,
.861,
.854,
.865,
.847,
.833,
.844,
.865,
.848,
.851,
.849,
.883,
.860,
.867,
.822,
.831,
.864,
792,
.833,
.871,
.835,
.829,
.808,
.847,
.834,
.868,
.868,
.872,
.850,
.868,
.840,
.886,
.888,
.869,
.908,
.872,
.869,
.904,
.926,
.935,
.893,
.883,
.900,
.944,

.865,
.840,
.847,
.861,
.857,
.854,
.843,
.835,
.849,
.865,
.846,
.853,
.853,
.881,
.860,
.875,
.815,
.840,
.851,
.786,
.824,
.890,
.823,
.825,
.810,
.848,
.838,
.875,
.868,
.871,
.857,
.863,
.841,
.894,
.874,
.875,
.899,
.872,
.875,
.909,
.938,
.929,
.893,
.885,
.910,
.948,

.865,
.838,
.854,
.860,
.863,
.854,
.841,
.838,
.852,
.860,
.845,
.855,
.862,
.875,
.858,
872,
.812,
.849,
.838,
.796,
.818,
.886,
.819,
.816,
.815,
.840,
.841,
.873,
.867,
.865,
.865,
.859,
.850,
.901,
.865,
.888,
.885,
.866,
.884,
.909,
.946,
922,
.882,
.888,
918,
949,

.856,
.838,
.859,
.858,
.870,
.854,
.836,
.838,
.858,
.855,
.844,
.854,
.876,
.869,
.861,
.861,
.816,
.859,
.824,
.814,
.827,
.875,
.819,
.810,
.827,
.834,
.849,
.870,
.865,
.865,
.870,
.854,
.865,
.904,
.858,
.900,
.872,
.863,
.891,
.909,
949,
.907,
.878,
.889,
.926,
.946,
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.940, .936, .935, .942, .955,
.970, .978, .970, .956, .938,
925, 919, .916, .918, .920,
925, .932, .936, .936, .934,
932, .930, .930, .933, .933,
929, 922, 917, .920, .924,
.930, .936, .943, .949, .953,
951, .946, .937, .931, .929,
934, .940, .944, 944, 941,
935, .931, .929, .933, .942,
949, 952, 947, .946, .944,
.950, .956, .958, .961, .967,
967, .967, .967, .969, .974,
973, .965, .965, .951, .933,
920, .919, .920, .930, .938,
943, .946, .946, .937, .932,
931, .930, .941, .953, .970,
.988,1.000,1.020,1.030,1.040,
1.040,1.030,1.030,1.010, .998,
979, .961, .949, .944, .946,
951, .957, .962, .964, .960,
.954, .943, .936, .935, .939,
949, 958, .968, .975, .986,
.986, .995,1.000,1.000, .998,
994, 986, .982, .983, .985,
989, .992, .991, .990, .987,
.983, .981, .977, .972, .965,
.957, .952, .952, .956, .962,
965, .968, .972, .981, .993,
1.010,1.010,1.010,1.000, .993,
.987, .980, .975, .969, .966,
964, .963, .967, .971, .974,
974, 974, 978, .978, .987,
.998,1.010,1.010,1.020,1.020,
1.020,1.030,1.020,1.010, .998,
987, .983, .984, .989, .995,
1.000,1.000,1.010,1.010,1.010,
1.010,1.020,1.010,1.010,1.020,
1.020,1.020,1.020,1.010,1.010,
1.010,1.010,1.010, .993, .969,
951, 942, 942, .946, .952,
955, .960, .965, .969, .973,
971, 974, 975, .975, .970,
959, .946, .941, .941, .949,
962, .971, .978, .975, .967,
963, .953, .942, .930, .925,
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923, .924, 927, .930, .932,
931, .927, .926, .928, .936,
948, .961, .972, .983, .999,
1.020,1.040,1.040,1.020, .999,
981, .974, .969, .968, .967,
.964, .955, .946, .940, .939,
.934, .933, .933, .936, .938,
937, .934, .923, .910, .901,
901, .918, .937, .950, .960,
962, .961, .961, .962, .964,
.966, .966, .963, .957, .946,
.938, .933, .932, .931, .925,
923, .926, .934, .945, .952,
956, .956, .952, .951, .954,
958, .966, .974, .978, .974,
.965, .956, .962, .967, .975,
977, 972, .966, .956, .945,
.939, .936, .938, .940, .940,
943, .945, 952, .958, .959,
959, .960, .966, .978, .992,
1.000, .999, .987, .974, .970,
.978, .992,1.010,1.020,1.020,
1.020,1.000, .992, .980, .977,
973, .969, .972, .978, .989,
1.000,1.010,1.030,1.030,1.040,
1.040,1.030,1.020,1.000, .992,
.990, .995,1.010,1.020,1.020,
1.030,1.030,1.020,1.020,1.030,
1.020,1.020,1.010, .997, .991,
.990, .991, .997,1.010,1.010,
1.020,1.030,1.040,1.040,1.040,
1.040,1.040,1.030,1.030,1.030,
1.030,1.040,1.040,1.040,1.040,
1.040,1.050,1.060,1.060,1.050,
1.050,1.040,1.050,1.050,1.050,
1.060,1.060,1.070,1.070,1.070,
1.070,1.060,1.050,1.030,1.030,
1.030,1.040,1.050,1.060,1.050,
1.040,1.020,1.010,1.020,1.030,
1.050,1.060,1.060,1.070,1.070,
1.070,1.080,1.080,1.080,1.080,
1.080,1.080,1.070,1.050,1.040,
1.030,1.040,1.040,1.040,1.050,
1.040,1.040,1.040,1.040,1.030,
1.030,1.030,1.040,1.050,1.060,
1.070,1.060,1.050,1.040,1.040,
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1.040,1.050,1.060,1.060,1.060,
1.040,1.030,1.030,1.030,1.030,
1.030,1.030,1.040,1.040,1.050,
1.060,1.060,1.050,1.040,1.040,
1.030,1.030,1.040,1.050,1.050,
1.060,1.070,1.080,1.090,1.090,
1.090,1.080,1.060,1.050,1.040,
1.040,1.050,1.050,1.050,1.050,
1.050,1.050,1.050,1.040,1.040,
1.040,1.050,1.050,1.050,1.050,
1.060,1.060,1.060,1.070,1.070,
1.070,1.070,1.060,1.060,1.060,
1.050,1.050,1.050,1.050,1.060,
1.060,1.060,1.050,1.060,1.060,
1.060,1.060,1.050,1.040,1.050,
1.050,1.060,1.070,1.080,1.090,
1.080,1.080,1.070,1.070,1.070,
1.080,1.080,1.090,1.090,1.100,
1.100,1.100,1.110,1.100,1.100,
1.090,1.090,1.080,1.070,1.070,
1.060,1.060,1.060,1.060,1.060,
1.070,1.070,1.070,1.080,1.080,
1.080,1.080,1.080,1.090,1.100,
1.100,1.100,1.110,1.110,1.110,
1.110,1.110,1.110,1.110,1.100,
1.090,1.070,1.060,1.050,1.050,
1.040,1.040,1.050,1.060,1.070,
1.080,1.070,1.060,1.050,1.040,
1.050,1.060,1.060,1.070,1.080,
1.080,1.080,1.070,1.070,1.070,
1.080,1.080,1.080,1.080,1.080,
1.080,1.080,1.080,1.080,1.090,
1.110,1.100,1.090,1.080,1.070,
1.070,1.060,1.060,1.060,1.070,
1.070,1.080,1.080,1.080,1.080,
1.090,1.090,1.100,1.100,1.100,
1.090,1.090,1.090,1.090,1.080,
1.080,1.080,1.080,1.080,1.080,
1.080,1.070,1.070,1.080,1.080,
1.090,1.100,1.110,1.110,1.110,
1.110,1.100,1.090,1.080,1.070,
1.070,1.080,1.080,1.090,1.090,
1.080,1.090,1.090,1.100,1.100,
1.100,1.100,1.090,1.080,1.080,
1.080,1.080,1.080,1.080,1.090,
1.100,1.100,1.100,1.100,1.100,
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1.100,1.110,1.110,1.110,1.110,
1.100,1.110,1.110,1.110,1.120,
1.120,1.110,1.110,1.100,1.090,
1.080,1.080,1.080,1.090,1.090,
1.090,1.080,1.080,1.080,1.090,
1.100,1.100,1.100,1.100,1.100,
1.110,1.100,1.100,1.090,1.080,
1.080,1.080,1.090,1.100,1.100,
1.110,1.110,1.110,1.110,1.110,
1.120,1.120,1.120,1.110,1.110,
1.110,1.110,1.110,1.120,1.120,
1.110,1.100,1.090,1.090,1.090,
1.090,1.100,1.090,1.090,1.090,
1.090,1.090,1.100,1.110,1.110,
1.110,1.110,1.120,1.120,1.130,
1.130,1.130,1.130,1.130,1.140,
1.150,1.150,1.150,1.160,1.150,
1.140,1.130,1.120,1.120,1.120,
1.120,1.120,1.120,1.120,1.120,
1.120,1.120,1.130,1.140,1.130,
1.130,1.120,1.120,1.120,1.120,
1.130,1.130,1.140,1.140,1.140,
1.140,1.130,1.130,1.130,1.130,
1.130,1.120,1.130,1.130,1.130,
1.130,1.140,1.140,1.150,1.150,
1.150,1.140,1.130,1.120,1.110,
1.120,1.130,1.130,1.130,1.130,
1.130,1.140,1.140,1.150,1.140,
1.140,1.130,1.120,1.110,1.120,
1.120,1.120,1.130,1.130,1.140,
1.140,1.140,1.130,1.130,1.120,
1.120,1.120,1.130,1.140,1.160,
1.170,1.170,1.180,1.180,1.180,
1.180,1.160,1.150,1.130,1.130,
1.130,1.130,1.140,1.150,1.150,
1.150,1.160,1.160,1.170,1.170,
1.160,1.160,1.160,1.150,1.150,
1.150,1.150,1.150,1.150,1.160,
1.160,1.160,1.160,1.150,1.140,
1.130,1.130,1.130,1.120,1.130,
1.140,1.140,1.150,1.150,1.140,
1.140,1.140,1.150,1.150,1.160,
1.160,1.160,1.160,1.150,1.150,
1.140,1.140,1.140,1.140,1.140,
1.140,1.140,1.130,1.130,1.130,
1.130,1.140,1.140,1.150,1.160,
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1.160,1.160,1.160,1.160,1.170,
1.180,1.180,1.180,1.190,1.180,
1.180,1.180,1.180,1.180,1.170,
1.170,1.170,1.170,1.170,1.170,
1.170,1.160,1.150,1.150,1.140,
1.130,1.130,1.130,1.140,1.140,
1.150,1.160,1.170,1.170,1.180,
1.190,1.190,1.200,1.200,1.210,
1.210,1.210,1.200,1.190,1.180,
1.170,1.160,1.160,1.160,1.160,
1.160,1.160,1.160,1.160,1.160,
1.170,1.170,1.170,1.170,1.170,
1.170,1.170,1.170,1.170,1.170,
1.180,1.200,1.210,1.210,1.210,
1.210,1.200,1.190,1.190,1.180,
1.170,1.160,1.160,1.150,1.150,
1.140,1.150,1.160,1.170,1.180,
1.180,1.180,1.170,1.170,1.170,
1.180,1.190,1.190,1.200,1.200,
1.200,1.200,1.200,1.200,1.200,
1.190,1.200,1.200,1.200,1.190,
1.170,1.160,1.160,1.160,1.160,
1.170,1.190,1.190,1.190,1.190,
1.180,1.180,1.180,1.180,1.180,
1.180,1.180,1.180,1.190,1.200,
1.210,1.210,1.200,1.200,1.190,
1.190,1.190,1.190,1.190,1.180,
1.180,1.180,1.180,1.190,1.190,
1.190,1.190,1.190,1.190,1.190,
1.190,1.190,1.190,1.190,1.200,
1.190,1.190,1.180,1.180,1.180,
1.190,1.190,1.190,1.200,1.200,
1.210,1.210,1.210,1.210,1.220,
1.220,1.210,1.210,1.200,1.200,
1.200,1.200,1.200,1.210,1.210,
1.210,1.210,1.210,1.210,1.210,
1.210,1.200,1.200,1.200,1.200,
1.200,1.210,1.210,1.220,1.230,
1.230,1.220,1.220,1.210,1.200,
1.190,1.180,1.170,1.170,1.170,
1.180,1.180,1.190,1.200,1.200,
1.210,1.210,1.200,1.190,1.190,
1.180,1.180,1.180,1.180,1.180,
1.190,1.200,1.220,1.230,1.230,
1.230,1.200,1.170,1.170,1.170,
1.170,1.150,1.130,1.130,1.140,
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1.150,1.160,1.170,1.180,1.180,
1.180,1.180,1.180,1.190,1.190,
1.190,1.190,1.190,1.200,1.200,
1.210,1.210,1.210,1.200,1.190,
1.190,1.180,1.170,1.160,1.150,
1.140,1.140,1.140,1.140,1.150,
1.150,1.160,1.170,1.180,1.190,
1.190,1.180,1.160,1.150,1.150,
1.160,1.170,1.180,1.180,1.170,
1.160,1.150,1.150,1.140,1.140,
1.120,1.110,1.110,1.120,1.120,
1.120,1.130,1.130,1.130,1.130,
1.140,1.140,1.150,1.160,1.160,
1.170,1.180,1.180,1.190,1.200,
1.200,1.200,1.190,1.180,1.170,
1.170,1.170,1.170,1.160,1.150,
1.150,1.140,1.140,1.130,1.130,
1.130,1.130,1.140,1.140,1.150,
1.150,1.160,1.160,1.160,1.170,
1.170,1.180,1.180,1.190,1.200,
1.200,1.200,1.200,1.190,1.180,
1.170,1.160,1.160,1.160,1.160,
1.160,1.160,1.160,1.160,1.160,
1.160,1.150,1.160,1.160,1.170,
1.170,1.180,1.180,1.190,1.200,
1.210,1.210,1.210,1.210,1.210,
1.210,1.210,1.200,1.190,1.170,
1.160,1.150,1.140,1.140,1.140,
1.150,1.150,1.160,1.150,1.160,
1.170,1.170,1.180,1.180,1.180,
1.190,1.210,1.230,1.240,1.240,
1.240,1.240,1.230,1.230,1.220,
1.220,1.210,1.210,1.200,1.200,
1.190,1.180,1.160,1.150,1.150,
1.160,1.160,1.160,1.170,1.180,
1.200,1.210,1.230,1.240,1.240,
1.230,1.220,1.210,1.200,1.190,
1.180,1.180,1.190,1.200,1.200,
1.210,1.210,1.210,1.210,1.200,
1.190,1.180,1.180,1.180,1.180,
1.180,1.190,1.190,1.200,1.210,
1.220,1.220,1.220,1.200,1.170,
1.150,1.150,1.160,1.170,1.170,
1.170,1.170,1.160,1.160,1.160,
1.160,1.170,1.190,1.190,1.190,
1.200,1.200,1.200,1.200,1.200,
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1.210,1.210,1.220,1.220,1.230,
1.230,1.240,1.230,1.220,1.210,
1.200,1.190,1.180,1.170,1.160,
1.170,1.180,1.190,1.190,1.200,
1.200,1.190,1.180,1.180,1.180,
1.190,1.200,1.200,1.210,1.210,
1.210,1.220,1.230,1.230,1.230,
1.230,1.220,1.210,1.200,1.200,
1.200,1.190,1.190,1.190,1.200,
1.200,1.210,1.210,1.210,1.200,
1.200,1.200,1.190,1.190,1.180,
1.190,1.190,1.200,1.200,1.210,
1.210,1.220,1.220,1.220,1.220,
1.220,1.220,1.210,1.190,1.180,
1.180,1.180,1.180,1.180,1.180,
1.180,1.180,1.190,1.200,1.210,
1.210,1.220,1.220,1.220,1.220,
1.220,1.230,1.240,1.250,1.250,
1.250,1.240,1.220,1.210,1.210,
1.220,1.220,1.230,1.220,1.220,
1.210,1.210,1.200,1.200,1.210,
1.210,1.220,1.220,1.230,1.230,
1.230,1.220,1.220,1.220,1.230,
1.230,1.240,1.230,1.230,1.230,
1.230,1.230,1.220,1.220,1.220,
1.210,1.220,1.230,1.230,1.230,
1.230,1.230,1.230,1.230,1.230,
1.230,1.230,1.230,1.220,1.220,
1.210,1.210,1.220,1.220,1.230,
1.240,1.230,1.220,1.210,1.200,
1.190,1.190,1.180,1.170,1.170,
1.180,1.190,1.200,1.200,1.180,
1.170,1.150,1.140,1.150,1.170,
1.190,1.200,1.210,1.220,1.220,
1.220,1.220,1.210,1.190,1.170,
1.140,1.130,1.130,1.140,1.150,
1.170,1.180,1.190,1.200,1.200,
1.200,1.190,1.190,1.190,1.190,
1.200,1.200,1.210,1.230,1.230,
1.240,1.230,1.210,1.200,1.180,
1.160,1.140,1.120,1.110,1.100,
1.090,1.090,1.100,1.110,1.130,
1.160,1.180,1.200,1.200,1.200,
1.200,1.200,1.190,1.170,1.170,
1.160,1.160,1.150,1.150,1.150,
1.170,1.190,1.190,1.190,1.190,
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1.180,1.170,1.160,1.150,1.150,
1.150,1.160,1.170,1.180,1.190,
1.190,1.180,1.170,1.160,1.160,
1.170,1.170,1.180,1.180,1.180,
1.170,1.170,1.170,1.180,1.190,
1.200,1.200,1.200,1.190,1.190,
1.180,1.170,1.160,1.150,1.140,
1.140,1.150,1.160,1.170,1.170,
1.170,1.160,1.160,1.150,1.160,
1.170,1.170,1.180,1.180,1.180,
1.170,1.170,1.160,1.160,1.150,
1.160,1.160,1.160,1.160,1.160,
1.160,1.160,1.150,1.160,1.160,
1.170,1.170,1.180,1.180,1.180,
1.180,1.180,1.170,1.170,1.180,
1.190,1.190,1.200,1.200,1.200,
1.190,1.190,1.180,1.180,1.180,
1.180,1.190,1.190,1.200,1.210,
1.220,1.220,1.210,1.200,1.180,
1.170,1.160,1.160,1.150,1.150,
1.160,1.170,1.180,1.200,1.210,
1.210,1.200,1.200,1.180,1.170,
1.150,1.130,1.110,1.090,1.080,
1.080,1.080,1.080,1.080,1.080,
1.070,1.070,1.060,1.060,1.060,
1.070,1.100,1.150,1.210,1.210,
1.200,1.180,1.170,1.190,1.200,
1.220,1.220,1.220,1.220,1.220,
1.220,1.220,1.200,1.180,1.140,
1.120,1.100,1.080,1.060,1.050,
1.040,1.030,1.030,1.030,1.020,
1.010, .998, .992, .992, .996,
1.010,1.020,1.030,1.030,1.050,
1.050,1.050,1.040,1.040,1.030,
1.030,1.020,1.020,1.020,1.030,
1.040,1.040,1.040,1.030,1.030,
1.030,1.030,1.020,1.000, .990,
.985, .983, .983, .979, .974,
.976, .989,1.010,1.020,1.030,
1.030,1.030,1.020,1.020,1.010,
994, 987, .992,1.010,1.030,
1.040,1.050,1.060,1.050,1.050,
1.050,1.050,1.040,1.050,1.040,
1.040,1.040,1.030,1.030,1.030,
1.040,1.040,1.050,1.050,1.060,
1.060,1.060,1.060,1.060,1.060,
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1.060,1.050,1.040,1.030,1.030,
1.030,1.040,1.040,1.040,1.040,
1.050,1.050,1.060,1.080,1.090,
1.100,1.080,1.050,1.020, .999,
991, .987, .980, .972, .963,
963, .972, .986,1.000,1.020,
1.030,1.040,1.050,1.060,1.060,
1.060,1.070,1.080,1.080,1.080,
1.070,1.070,1.070,1.060,1.050,
1.040,1.040,1.040,1.040,1.040,
1.030,1.010, .973, .960, .957,
963, .971, .980, .996,1.020,
1.050,1.060,1.080,1.080,1.080,
1.080,1.070,1.070,1.070,1.060,
1.060,1.060,1.060,1.060,1.070,
1.070,1.070,1.050,1.040,1.030,
1.020,1.030,1.040,1.050,1.060,
1.070,1.070,1.080,1.090,1.100,
1.110,1.110,1.100,1.070,1.040,
992, .967, .965, .978, .997,
1.010,1.020,1.020,1.030,1.050,
1.080,1.090,1.100,1.100,1.100,
1.100,1.100,1.090,1.060,1.030,
998, .974, .964, .961, .963,
.964, .965, .968, .973, .977,
979, .981, .979, .974, .964,
954, 951, .962, .979, .995,
1.000,1.010,1.000,1.000, .991,
.983, .975, .973, .971, .971,
971, 969, .972, .974, .982,
987, .991, .994,1.000,1.000,
1.000,1.000,1.000,1.000, .996,
983, .967, .951, .943, .940,
943, .948, .951, .963, .985,
1.010,1.040,1.020, .986, .945,
915, .905, .901, .906, .914,
926, .943, .961, .977, .990,
.997,1.000,1.010,1.010,1.010,
.998, .984, .968, .950, .929,
.906, .884, .868, .864, .872,
.885, .896, .905, .910, .916,
921, .926, .935, .945, .953,
955, 951, .944, .937, .939,
941, 944, 945, .945, .945,
949, .954, .960, .960, .955,
945, 932, .925, .923, .923,
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921, .921, .924, .924, .926,
.928, .930, .933, .932, .935,
939, .941, .946, .951, .957,
965, .969, .969, .970, .968,
966, .965, .957, .951, .943,
.935, .930, .922, .915, .908,
.905, .906, .915, .937, .948,
953, .948, .944, 944, 947,
952, .956, .960, .957, .949,
935, .926, .923, .921, .928,
931, .937, .943, .947, .950,
951, .952, .953, .953, .949,
938, .924, 917, .927, .952,
977, .982, .969, .948, .931,
922, 919, .918, .921, .926,
933, .942, 945, .955, .965,
.983, .998,1.010,1.010,1.010,
1.010, .994, .984, .971, .962
953, .940, .928, .912, .899,
.884, .871, .866, .873, .887,
.897, .906, .915, .928, .942,
.955, .962, .963, .965, .966,
971, .978, .988,1.000,1.010,
1.010,1.010,1.000, .995, .991,
992, .988, .980, .969, .958,
950, .941, .931, .924, .927,
.936, .950, .958, .963, .967,
.968, .963, .957, .952, .954,
962, .972, .982, .986, .985,
979, .969, .955, .937, .915,
.889, .869, .853, .844, .848,
.858, .870, .881, .891, .901,
914, 922, 929, .932, .928,
921, .911, .900, .894, .892,
.891, .890, .885, .876, .867,
.862, .862, .864, .868, .865,
.857, .848, .845, .851, .863,
.872, .876, .871, .862, .851,
.848, .846, .848, .850, .849,
.847, .844, .847, .853, .860,
.865, .866, .863, .852, .839,
.821, .806, .793, .784, .778,
775, 775, 779, .788, .798,
.805, .807, .811, .813, .812
.806, .799, .794, .795, .799,
.804, .807, .809, .808, .807,
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.804,
763,
776,
.756,
754,
754,
.766,
711,
753,
734,
764,
721,
713,
.740,
747,
715,
.710,
.740,
719,
.695,
.685,
.690,
.705,
.704,
.701,
.662,
.659,
.670,
.656,
.656,
.630,
.639,
.667,
.658,
.675,
.677,
.684,
.664,
.675,
.636,
.589,
.612,
.603,
.601,
.588,
.612,

.802,
762,
.765,
759,
754,
752,
.765,
.716,
752,
.736,
759,
722,
721,
.736,
.750,
.706,
712,
743,
717,
.678,
.692,
.686,
.704,
.704,
.695,
.657,
.661,
.665,
.658,
.655,
.623,
.648,
.668,
.656,
.680,
.679,
.671,
.667,
.675,
.616,
.595,
.613,
.599,
.598,
.603,
.615,

795,
.769,
752,
.758,
752,
.750,
754,
728,
748,
743,
.748,
721,
731,
734,
749,
.703,
.718,
.740,
.716,
.667,
.697,
.688,
.701,
.707,
.686,
.653,
.664,
.659,
.658,
.653,
.622,
.656,
.668,
.657,
.683,
.685,
.662,
.670,
.674,
.599,
.603,
.615,
.597,
.584,
.614,
.620,

.785,
778,
.748,
759,
754,
754,
734,
741,
743,
743,
733,
716,
.738,
735,
.740,
.704,
725,
734,
715,
.666,
.698,
.694,
.699,
711,
.678,
.653,
.666,
.653,
.656,
.648,
.625,
.660,
.665,
.662,
.683,
.694,
.658,
671,
.665,
.587,
.607,
.613,
.598,
.576,
.619,
.626,

772,
.786,
751,
757,
755,
759,
721,
751,
.738,
754,
725,
714,
742,
.740,
728,
707,
733,
723,
.709,
.674,
.695,
702,
.696,
.705,
.670,
.655,
.670,
.655,
.656,
.638,
.631,
.664,
.662,
.668,
.680,
.696,
.660,
.673,
.652,
.584,
.608,
.609,
.601,
577,
.616,
.622,
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.618, .615, .617, .620, .623,
.625, .629, .633, .640, .646,
.653, .648, .643, .635, .626,
.614, .602, .593, .588, .587,
.587, .587, .587, .592, .609,
.633, .657, .658, .636, .608,
.587, .579, 577, .576, .572,
571, 573, 577, .582, .585,
.583, .578, .570, .564, .555,
.547, 538, .530, .526, .524,
.525, .530, .538, .551, .563,
.575, .584, 592, .595, .597,
595, .594, .590, .586, .582,
579, 577, .575, 575, 574,
574, 577, 575, 574, 572,
571, .570, .570, .570, .570,
571, 574, 578, .581, .576,
.566, .550, .544, .545, .550,
.558, .564, .570, .577, .582,
.584, 586, .589, .592, .595,
592, 586, .579, 575, 574,
.578, .586, .598, .607, .609,
.609, .610, .615, .621, .620,
.616, .612, .612, .615, .617,
.621, .624, .627, .624, .613,
599, .584, 578, 572, .567,
.563, .561, .557, .553, .542,
.530, .521, .516, .515/

+++++++++++ o+
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Simnett, G. M., Background analysis for the high latitude cosmic ray study, University of Birmingham,
1994,

Tappin, S. J., HISCALE backgrounds, a new look, HISCALE internal document, 1994.
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Appendix B

MFSA SWRF.FOR Source Code

What follows is the source code for the evaluation of fluxes in the spacecraft and solar wind rest frames
from the Level 1 Ulysses HISCALE data. In the following code, there are references to the exter-
nal routines OPEN_LANFILE, READ_LANFILE, and CLOSE_LANFILE. These are routines from the
software package HSIO 3.1.81(SCALE InputOutput) written by James Tappin. Documentation and
copies of this package can be found at http://www.sr.bham.ac.uk/hiscale_help/index.html. The program
and subroutines were written in FORTRAN77 and compiled for execution on standard PC hardware run-
ning Linux.

C**********************************************************************

OO0 O0O0O000O0O00O0O0O0O0O0O0OO0

This program reads the raw MFSA rates from the yearly
ULAyyyy.MFSA.GZ files and determines proton, electron, and
alpha fluxes is the solar wind reference frame. Other data
files used for the computation of these files include the files
for the solar wind velocities and magnetic field. Both of the
solar wind velocity and magnetic field vectors are given in RTN
coordinates. Included in the output are the unit vectors of the
look directions for the 4 or 8 sectors of each detector and the
pitch angle for each sector/detector. The output files are
written as human-readable ASCIl to facilitate import into a
standard spreadsheet.

J. Douglas Patterson, Sept. 2001
Fundamental Technologies, LLC

C**********************************************************************

c

program mfsa_swrf
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implicit none

include '’home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’
character*80 mfsainfile

integer md,operr,recsz,rdsz,rderr,mfsaid,i,j,k,q,clserr,iyear
real aa,bb,cc

real rateb(4,8)

ef=0

bd=0

md=0
mfsaid=11
aa=9.9120E-4
bb=1.1412
cc=0.38989

write(6,*)'Aligning detector sectors...’

data js /1,8,5,3,

2,1,6,4,

2,2,7,4,

3,3,8,1,

3,4,1,1,

4,5,2,2,

4,6,3,2,
+ 1,743/ ¢

c ** Establish the sector unit vectors in spacecraft coordinates **

c

c * LEMS30 *
xyzsct(1,1,1)=0.353553
xyzsct(1,1,2)=0.353553
xyzsct(1,1,3)=0.866025
xyzsct(1,2,1)=-0.353553
xyzsct(1,2,2)=0.353553
xyzsct(1,2,3)=0.866025
xyzsct(1,3,1)=-0.353553
xyzsct(1,3,2)=-0.353553
xyzsct(1,3,3)=0.866025
xyzsct(1,4,1)=0.353553
xyzsct(1,4,2)=-0.353553
xyzsct(1,4,3)=0.866025

+ 4+ + + + +

c

c * LEFS60 *
xyzsct(2,1,1)=-0.33141
xyzsct(2,1,2)=0.80010
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c

xyzsct(2,1,3)=0.5
xyzsct(2,2,1)=-0.80010
xyzsct(2,2,2)=0.33141
xyzsct(2,2,3)=0.5
xyzsct(2,3,1)=-0.80010
xyzsct(2,3,2)=-0.33141
xyzsct(2,3,3)=0.5
xyzsct(2,4,1)=-0.33141
xyzsct(2,4,2)=-0.80010
xyzsct(2,4,3)=0.5
xyzsct(2,5,1)=0.33141
xyzsct(2,5,2)=-0.80010
xyzsct(2,5,3)=0.5
xyzsct(2,6,1)=.80010
xyzsct(2,6,2)=-0.33141
xyzsct(2,6,3)=0.5
xyzsct(2,7,1)=0.80010
xyzsct(2,7,2)=0.33141
xyzsct(2,7,3)=0.5
xyzsct(2,8,1)=0.33141
xyzsct(2,8,2)=0.80010
xyzsct(2,8,3)=0.5

c * LEMS120 *

xyzsct(3,1,1)=0.33141
xyzsct(3,1,2)=-0.80010
xyzsct(3,1,3)=-0.5
xyzsct(3,2,1)=.80010
xyzsct(3,2,2)=-0.33141
xyzsct(3,2,3)=-0.5
xyzsct(3,3,1)=0.80010
xyzsct(3,3,2)=0.33141
xyzsct(3,3,3)=-0.5
xyzsct(3,4,1)=0.33141
xyzsct(3,4,2)=0.80010
xyzsct(3,4,3)=-0.5
xyzsct(3,5,1)=-0.33141
xyzsct(3,5,2)=0.80010
xyzsct(3,5,3)=-0.5
xyzsct(3,6,1)=-0.80010
xyzsct(3,6,2)=0.33141
xyzsct(3,6,3)=-0.5
xyzsct(3,7,1)=-0.80010
xyzsct(3,7,2)=-0.33141
xyzsct(3,7,3)=-0.5
xyzsct(3,8,1)=-0.33141
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xyzsct(3,8,2)=-0.80010
xyzsct(3,8,3)=-0.5

c

c * LEFS150 *
xyzsct(4,1,1)=0.353553
xyzsct(4,1,2)=0.353553
xyzsct(4,1,3)=-0.866025
xyzsct(4,2,1)=-0.353553
xyzsct(4,2,2)=0.353553
xyzsct(4,2,3)=-0.866025
xyzsct(4,3,1)=-0.353553
xyzsct(4,3,2)=-0.353553
xyzsct(4,3,3)=-0.866025
xyzsct(4,4,1)=0.353553
xyzsct(4,4,2)=-0.353553
xyzsct(4,4,3)=-0.866025

write(6,5)

5 format(24(/),’Enter the 4-digit year to be processed:’)
read(5,6)cyear

6 format(a4)
read(cyear,7)iyear

7 format(i4)

write(6,8)
8 format(/,'In which reference frame should the data be:’,
+ /) 1) Spacecraft rest frame,’,
+ /) 2) Solar wind rest frame.’)
read(5,*)rf

if (rf.eq.1) then
crf="sc’
clrf="Spacecraft’

end if

if (rf.eq.2) then
crf="sw’
clrf="Solar Wind’

end if

write(mfsainfile,9)cyear
9 format(’’/home/ulysses/data/mfsa/ula’,a4,”. mfsa.gz’)
call open_lanfile(mfsainfile,md,mfsaid,recsz)
call openfiles
do i=1,4
do j=1,8
do k=1,31
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(¢]

(¢]

eswp(i,j,k)=escp(i,k)
eswa(i,j,k)=esca(i,k)
end do
do k=1,18
eswe(i,j,k)=esce(i,k)
end do
do k=1,30
emswp(i,j,k)=emscp(i,k)
emsway(i,j,k)=emsca(i,k)
end do
do k=1,17
emswe(i,j,k)=emsce(i,k)
end do
end do
do k=1,5
eswde(i,k)=escde(k)
end do
do k=1,4
emswde(i,k)=emscde(k)
end do
end do
call bfieldandvsw

*** Read first data record ***
call read_lanfile(mfsaid,sfdu0,recsz,rdsz,rderr)
*** Begin processing loop ***
do while (rderr.ge.0)
yr=int(itime(1,1))
dy=int(itime(2,1))
hr=int(itime(3,1))
mn=int(itime(4,1))
sec=itime(5,1)
** Correct LEMS30 sectors 1 and 4 counts **
do j=1,32
if ((sm(,j)/sm(2,j)).gt.2.0) sm(1,j)=-0.999E-09
if ((sm(4,j)/sm(3,j)).gt.2.0) sm(4,j)=-0.999E-09

end do

** Filter for accessively high counts **
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do i=1,4
do j=1,32
if (sm(i,j).gt.10000.0) sm(i,j)=-0.999E-09
if (sf(i,)).gt.10000.0) sf(i,j)=-0.999E-09
end do
end do
do i=1,8
do j=1,32
if (smp(i,j).gt.10000.0) smp(i,j)=-0.999E-09
if (sfp(i,j,1).gt.10000.0) sfp(i,j,1)=-0.999E-09
end do
end do
c
c ** Correct the MFSA rates for PHA duty cycle **
c
do i=1,8
do j=1,32
c * adjust LEFS60 rates *
if ((tfp(i,1).gt.0.0).and.(sfp(i,j,1).ge.0.0)) then
rate(2,i,j)=sfp(i,j,1)/

+ (tfp(i,2)-(tfp(i,1)/100.0)*
+ (aa*((sfp(i,j,1)/tfp(i,1))**bb)+cc))
if (rate(2,i,)).It.0.0) rate(2,i,j)=-0.999E-09
else
rate(2,i,j)=-0.999e-09
end if
c * adjust LEMS120 rates *

if ((tmp(i).gt.0.0).and.(smp(i,j).ge.0.0)) then
rate(3,i,j)=smp(i,j)/
+ (tmp(i)-(tmp(i)/100.0)*
+ (a@*((smp(i,j)/tmp(i))**bb)+cc))
if (rate(3,i,)).It.0.0) rate(3,i,))=-0.999E-09
else
rate(3,i,j)=-0.999e-09
end if
end do
end do
do i=1,4
do j=1,32
c * adjust LEMS30 rates *
if ((tm(i).gt.0.0).and.(sm(i,j).ge.0.0)) then
rate(1,i,j)=sm(i,j)/

+ (tm(i)-(tm(i)/100.0)*
+ (@a@*((sm(i,j)/tm(i))**bb)+cc))
if (rate(1,i,)).It.0.0) rate(1,i,j)=-0.999E-09
else
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rate(1,i,j)=-0.999e-09
end if
c * adjust LEFS150 rates *
if ((tf(i).gt.0.0).and.(sf(i,j).ge.0.0)) then
rate(4,i,))=sf(i,j)/

+ (tf(i)-(tf(i)/100.0)*
+ (a@*((sf(i,j)/tf(i))**bb)+cc))
if (rate(4,i,)).1t.0.0) rate(4,i,j)=-0.999E-09
else
rate(4,i,j)=-0.999e-09
end if
end do
end do

c
¢ ** Determine the Day-Of-Mission **
domyear=yr-1991
dom=domyear*365+dy
if (yr.eq.1990) dom=dy-317
if (yr.gt.1990) dom=dom+(365-317)
if (yr.gt.1992) dom=dom+1 ! account for leap years
if (yr.gt.1996) dom=dom+1
if (yr.gt.2000) dom=dom+1
c
c ** Get Today’'s Background Rate **
call ulybkgr(dom,bkgr,rateb,domflag)
c
c ** Subtract Background Rates **
bd=0
do i=1,4
do j=1,8
do k=1,32
if (rate(i,j,k).le.bkgr(i,k)) then
rate(i,j,k)=0.00
bd=bd+1
else
rate(i,j,k)=rate(i,j,k)-bkgr(i,k)
end if
end do
end do
do =14
if (r4(j,i+15,1).le.debkgr(j)) then
derate(i,j)=0.00
else
derate(i,j)=r4(j,i+15,1)-debkgr(j)
end if
end do
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20

30

end do

if (bd.ge.2000) then
bd=1

else
bd=0

end if

call spike_filter

if (bd.ne.l) then
call getparam
if (rf.eq.2) call getenergy
call protonflux
call alphaflux
call electronflux
call deelectronflux
write(6,30)yr,dy,hr,mn,sec,pfrac(1,1),afrac(1,1)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,
" H%:,f5.3," He%:',f5.3)
call spfluxes
call writeoutputdata
else
call writeoutputdata
bd=0
end if
call read_lanfile(mfsaid,sfdu0,recsz,rdsz,rderr)
end do

call close_lanfile(mfsaid,clserr)
close(31)
close(32)
close(33)
close(34)
close(35)
close(36)
close(37)
close(38)
close(39)
close(41)
close(42)
close(43)
close(44)
close(45)
close(46)
close(47)
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close(48)
close(51)
close(52)
close(53)
close(54)
close(55)
close(56)
close(57)
close(58)
close(61)
close(62)
close(63)
close(64)
close(65)
close(66)
close(67)
close(68)
close(71)
close(72)
close(73)
close(74)
close(75)
close(76)
close(77)
close(78)
close(81)
close(82)
close(83)
close(84)

write(6,*)’Processing complete.’

end
C*************-k************-k************-k*****************************
c
¢ This program builds the B-field and solar wind velocity arrays
c for later interpolation.
c
¢ June 2001, J. Douglas Patterson
¢ Fundamental Technologies, LLC.
c
C*********************************************************************
c

subroutine bfieldandvsw

implicit none
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c *** Filenames ***
character*80 swin,bfin
character*350 header
c
c *** Indicies ***
integer i,j,k,m,n,q,np,nn,ty,junk
c
c ** Parameter Data ***
integer iyr,idoy,ihr,imin,isec
real*8 rau,hlat,hlong,densp,densa,tlarge,tsmall,vr,vt,vn
real*8 swr,swt,swn,swv(4)
real*8 dyr,rdy,rhr
real*8 bfr,bft,bfn,bfmag,badbf

include ’'’home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’
c
C)\'*****)\'************)\'************)\'************************************
c
ty=1
nn=9600
c
c *** Get Magnetic Field Data ***
write(bfin,6)cyear
6 format(’’/home/ulysses/data/bfield/rtn’,a4,’.dat’)
open(91,file=bfin,status="old")
np=0
do while (ef.ne.l)
read(91,8,end=9)iyr,rdy,rhr,bfr,bft,bfn,bfmag,junk
8 format(i2,2x,f9.6,2x,1x,f9.6,4(7x,f6.3),5x,i4)
np=np+1
br(np)=bfr
bt(np)=bft
bn(np)=bfn
if (iyr.gt.89) then
rbfyr(np)=dble(1900+iyr)+rdy/366.
else
rbfyr(np)=dble(2000+iyr)+rdy/366.
end if
end do
9 close(91)
do i=np+1,nn
br(i)=br(np)
bt(i)=bt(np)
bn(i)=bn(np)
if (iyr.gt.89) then
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c

c

rbfyr(np)=dble(1900+iyr)+rdy/366.
else
rbfyr(np)=dble(2000+iyr)+rdy/366.
end if
end do

if (rf.eq.1) return

c ** Get Solar Wind Data ***

2

write(swin,2)cyear

format(’’/home/ulysses/data/swoops/hourav_vsw_’',a4,’.dat’)

open(92 file=swin,status="old")

np=0

do while (ef.ne.l)
read(92,4,end=5)iyr,idoy,ihr,imin,isec,rau,hlat,hlong,

+ densp,densa,tlarge,tsmall,vr,vt,vn

format(1X,12,1X,13,3(1X,12),F7.4,2F7.2,

+ 2(1X,F10.5),1X,2F10.0,3(1X,F7.1))

np=np+1

vswr(np)=vr

vswt(np)=vt

vswn(np)=vn

if (iyr.gt.89) then
rswyr(np)=dble(1900+iyr)+(dble(idoy)+(dble(ihr)+

+ (dble(imin)+dble(isec)/60.)/60.)/24.)/366.

else
rswyr(np)=dble(2000+iyr)+(dble(idoy)+(dble(ihr)+

+ (dble(imin)+dble(isec)/60.)/60.)/24.)/366.

end if
end do
close(92)
do i=np+1,nn
vswr(i)=vswr(np)
vswit(i)=vswt(np)
vswn(i)=vswn(np)
if (iyr.gt.89) then
rswyr(i)=dble(1900+iyr)+(dble(idoy+i)+(dble(ihr)+
(dble(imin)+dble(isec)/60.)/60.)/24.)/366.
else
rswyr(i)=dble(2000+iyr)+(dble(idoy+i)+(dble(ihr)+
(dble(imin)+dble(isec)/60.)/60.)/24.)/366.
end if
end do

return
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end

C**********************************************************************

c
¢ OPENFILES does several tasks in preparing the assorted files
c used by MFSA_SWRF. First, it opens the files containing
¢ the input particle data and reads past the first two lines of
¢ header information. Secondly, it opens the files containing
c the previously calculated background rates, MFSA band-edge
c energies, and the band-edge energies transformed to incident
c energies in the spacecraft reference frame. These data are
¢ read into memory by this subroutine and passed back to the
¢ main program. Finally, this routine creates the files to
c contain the output flux and energy data, and it writes the
c two-line header information for each output file. At the end
c of this routine, all of the files used by MFSA SWRF should
¢ be properly prepared for use.
c
¢ J. Douglas Patterson, March 2000
¢ Fundamental Technologies, LLC.
c
c

subroutine openfiles
c

implicit none
c

integer i,j,k,q
c
c ** Input and Output Files ***
c
c ** input parameter data files

character*80 swdataf ! solar wind speed datafile
character*80 bfieldf ! magnetic field datafile

(@]

c ** background data files **
character*80 debkgrf ! LEMS030 DE background rate file

c

c ** spectra output files **
character*80 mpswf,fppswf,mppswf,fpswf | proton spectra
character*80 mpspf,fppspf,mppspf,fpspf ! proton spectra
character*80 mprtf,fpprtf, mpprtf,fprtf I proton rates
character*80 mprsf,fpprsf,mpprsf,forsf | proton rates
character*80 maswf,fpaswf,mpaswf,faswf | helium spectra
character*80 maspf,fpaspf,mpaspf,faspf ! helium spectra
character*80 martf,fpartf, mpartf,fartf ! helium rates
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c

character*80 marsf,fparsf,mparsf.farsf | helium rates

character*80 feswf,fpeswf ! LEFS electron spectra
character*80 fespf,fpespf ! LEFS electron spectra
character*80 fertf,fpertf I LEFS electron rates
character*80 fersf,fpersf I LEFS electron rates
character*80 deswf,despf,dertf,dersf I DE spectra and rates
character*80 lefs60f,lefs150f ! interpolated protons
character*80 lefs60sp,lefs150sp I interpolated protons
character*80 swanglef ! solar wind angles
character*80 bfanglef I B-field angles

c ** Header Variable ***

c

character*364 header

include ’'’home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’

C)\'*****)\'************)\'************)\'************)\'************************

*kkkkhkk Kkkkkkkk

c
c

c ¥+ Lilename and File Header Definitions ****x**
C *kkkkkk khkkkkkk
c
c
c
c

*** Define and Open Input Files ***

** packground DE rates data file **
debkgrf="’home/ulysses/data/background/debkgr.dat’
open(95,file=debkgrf,status="old’)
do i=1,4

read(95,*)debkgr (i)
end do
close(95)

(¢]

** energy data files **
open(15,file="/home/ulysses/data/mfsa_energy.dat’,status="old")
open(16,file="/home/ulysses/data/mfsa_lems_e.dat’,status="old’)
open(17,file="home/ulysses/data/mfsa_lems_p.dat’,status="old’)
open(18,file="home/ulysses/data/mfsa_lems_a.dat’,status="old’)
open(21,file="'home/ulysses/data/mfsa_lefs_e.dat’,status="old")
open(22,file="home/ulysses/data/mfsa_lefs_p.dat’,status="old")
open(23,file="home/ulysses/data/mfsa_lefs_a.dat’,status="old")
open(30,file="lhome/ulysses/data/de_energy.dat’,status="old")
do i=1,33

read(15,*)mfsa(i)
end do
close(15)
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do i=1,18
read(16,*)esce(1,i)
read(21,*)esce(2,i)
esce(3,i)=esce(1,i)
esce(4,i)=esce(2,i)
end do
close(16)
close(21)
do i=1,31
read(17,*)escp(d,i)
read(18,*)esca(l,i)
read(22,*)escp(2,i)
read(23,*)esca(2,i)
escp(3,i)=escp(1,i)
escp(4,i)=escp(2,i)
esca(3,i)=esca(l,i)
esca(4,i)=esca(2,i)
end do
close(17)
close(18)
close(22)
close(23)
do i=1,5
read(30,*)escde(i)
end do
close(30)
c
¢ ** calculate midpoint energies in spacecraft frame **
do i=1,4
do j=1,30
emscp(i,j)=sqrt(escp(i,j)*escp(i,j+1))
emsca(i,j)=sqrt(esca(i,j)*esca(i,j+1))
end do
do j=1,17
emsce(i,j)=sqrt(esce(i,j)*esce(i,j+1))
end do
emscde(i)=sqrt(escde(i)*escde(i+1))
end do
c
¢ *** Define and Open Output Files ***
c
c ** proton fluxes **
write(mpswf,31)cyear,crf
write(fppswf,32)cyear,crf
write(mppswf,33)cyear,crf
write(fpswf,34)cyear,crf
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write(lefs60f,35)cyear,crf
write(lefs150f,36)cyear,crf
write(mpspf,30)cyear,crf
write(fppspf,37)cyear,crf
write(mppspf,38)cyear,crf
write(fpspf,39)cyear,crf

31 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' _m_p_',a2,.dat’)

32 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' fp_p_",a2,.dat’)

33 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' mp_p_',a2,.dat’)

34 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' f p_',a2,.dat’)

35 format(’’home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' fph_p_',a2,.dat)

36 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' fh_p_',a2,.dat’)

30 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' m_p_',a2,’_17m.dat’)

37 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ '_fp_p_",a2,’_17m.dat’)

38 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ '_mp_p_',a2,’_17m.dat’)

39 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,

+ ' f p_',a2,;’_17m.dat’)
open(31,file=mpswf,status="new’)
open(32,file=fppswf,status="new’)
open(33,file=mppswf,status="new’)
open(34,file=fpswf,status="new’)
open(35,file=lefs60f,status="new’)
open(36,file=lefs150f,status="new’)
open(30,file=mpspf,status="new’)
open(37,file=fppspf,status="new’)
open(38,file=mppspf,status="new’)
open(39,file=fpspf,status="new’)

c

¢ ** helium fluxes **
write(maswf,41)cyear,crf
write(fpaswf,42)cyear,crf
write(mpaswf,43)cyear,crf
write(faswf,44)cyear,crf
write(maspf,45)cyear,crf
write(fpaspf,46)cyear,crf
write(mpaspf,47)cyear,crf
write(faspf,48)cyear,crf
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41 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' m_a_',a2,.dat’)

42 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' fp_a ',a2,.dat)

43 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ '_mp_a_',a2,.dat’)

44 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' f a 'a2,.dat)

45 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' _m_a ',a2,’_17m.dat)

46 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ '_fp_a_',a2,’_17m.dat’)

a7 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ '_mp_a ’',a2,’_17m.dat’)

48 format(’’home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,

+ ' f a ’a2,’ 17m.dat)
open(41,file=maswf,status="new’)
open(42 file=fpaswf,status="new’)
open(43,file=mpaswf,status="new’)
open(44 file=faswf,status="new’)
open(45,file=maspf,status="new’)
open(46,file=fpaspf,status="new’)
open(47. file=mpaspf,status="new’)
open(48,file=faspf,status="new’)

c

c ** proton rates **
write(mprtf,51)cyear,crf
write(fpprtf,52)cyear,crf
write(mpprtf,53)cyear,crf
write(fprtf,54)cyear,crf
write(mprsf,55)cyear,crf
write(fpprsf,56)cyear,crf
write(mpprsf,57)cyear,crf
write(fprsf,58)cyear,crf

51 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' m_p_',a2,.dat)

52 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ ' fp_p_',a2,.dat’)

53 format('/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ ' mp_p_',a2,.dat’)

54 format('/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' f p_',a2,.dat)

55 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ '_m_p_',a2,’_17m.dat’)

56 format('/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,

+ ' _fp_p_,a2,’_17m.dat’)
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57 format('/home/ulysses/data/rates/ulysses_mfsa_rate_',a4,
+ ' mp_p_',a2,’_17m.dat’)

58 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' f p_',a2,;’_17m.dat’)
open(51,file=mprtf,status="new’)
open(52 file=fpprtf,status="new’)
open(53,file=mpprtf,status="new’)
open(54,file=fprtf,status="new’)
open(55,file=mprsf,status="new’)
open(56,file=fpprsf,status="new’)
open(57,file=mpprsf,status="new’)
open(58,file=fprsf,status="new’)

c

c ** helium rates **
write(martf,61)cyear,crf
write(fpartf,62)cyear,crf
write(mpartf,63)cyear,crf
write(fartf,64)cyear,crf
write(marsf,65)cyear,crf
write(fparsf,66)cyear,crf
write(mparsf,67)cyear,crf
write(farsf,68)cyear,crf

61 format('/home/ulysses/data/rates/ulysses_mfsa_rate_',a4,
+ ''m_a_',a2,.dat’)

62 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' fp_a_',a2,.dat’)

63 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ '_mp_a_',a2,.dat’)

64 format('/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' f a 'a2,.dat)

65 format(’’home/ulysses/data/rates/ulysses_mfsa rate ’,a4,
+ ' m_a ',a2,’ 17m.dat)

66 format('/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ ' fp_a ',a2,’_17m.dat’)

67 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' _mp_a ',a2,’_17m.dat’)

68 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,

+ '_f a ',a2,’_17m.dat’)
open(61,file=martf,status="new’)
open(62,file=fpartf,status="new’)
open(63,file=mpartf,status="new’)
open(64 file=fartf,status="new’)
open(65,file=marsf,status="new’)
open(66,file=fparsf,status="new’)
open(67,file=mparsf,status="new’)
open(68,file=farsf,status="new’)
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c

c ** electron fluxes **
write(fpeswf,71)cyear,crf
write(feswf,72)cyear,crf
write(fpespf,73)cyear,crf
write(fespf,74)cyear,crf

71 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' fp_e_',a2,.dat’)

72 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' f e ’a2,/.dat)

73 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ '_fp_e_',a2,’_17m.dat’)

74 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,

+ ' f e ',a2,” 17m.dat)
open(71,file=fpeswf,status="new’)
open(72 file=feswf,status="new’)
open(73,file=fpespf,status="new’)
open(74,file=fespf,status="new’)

c

c ** electron rates **
write(fpertf,75)cyear,crf
write(fertf, 76)cyear,crf
write(fpersf,77)cyear,crf
write(fersf,78)cyear,crf

75 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' fp_e_',a2,.dat)

76 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ '_f e ’,a2, .dat)

77 format('/home/ulysses/data/rates/ulysses_mfsa_rate_’,a4,
+ ' fp_e_',a2,’_17m.dat’)

78 format(’’home/ulysses/data/rates/ulysses_mfsa rate ’,a4,

+ ' f e ’a2,” 17m.dat)
open(75,file=fpertf,status="new’)
open(76,file=fertf,status="new’)
open(77 file=fpersf,status="new’)
open(78,file=fersf,status="new’)

c

c ** DE electron fluxes **
write(deswf,81)cyear,crf
write(despf,82)cyear,crf

81 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,
+ ' _de_’',a2,.dat)
82 format(’/home/ulysses/data/fluxes/ulysses_mfsa_flux_’,a4,

+ ' de_',a2,’ 17m.dat)
open(81,file=deswf,status="new’)
open(82,file=despf,status="new’)
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c

c ** DE electron rates **
write(dertf,83)cyear,crf
write(dersf,84)cyear,crf

83 format(’/home/ulysses/data/rates/ulysses_mfsa_rate_ ' a4,
+ ' de ',a2,.dat’)
84 format('/home/ulysses/data/rates/ulysses_mfsa_rate_',a4,

+ '_de_',a2,’_17m.dat’)
open(83,file=dertf,status="new’)
open(84 file=dersf,status="new’)
c
c *** Write Headers for Output Files ***
c
write(31,131)clrf
write(32,132)clrf
write(33,133)clrf
write(34,134)clrf
write(35,135)clrf
write(36,136)clrf
write(30,130)clrf
write(37,137)clrf
write(38,138)clrf
write(39,139)clrf
131  format(ULYSSES:LEMS30 Differential Proton Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)
132 format(ULYSSES:LEFS60 Interpolated Differential Proton ’,
+ 'Fluxes in the ’,al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)
133  format(ULYSSES:LEMS120 Differential Proton Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)
134  format(ULYSSES:LEFS150 Interpolated Differential Proton °’,
+ 'Fluxes in the ’,al0,” Rest Frame (counts/sec-sr-cm”"2-keV)’)
135 format(ULYSSES:LEFS150 Measured Differential Proton ’,
+ 'Fluxes in the ’',al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)
136 format(ULYSSES:LEFS150 Measured Differential Proton ’,
+ 'Fluxes in the ’,al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)
130 format(ULYSSES:LEMS30 Spin-Averaged Differential Proton °,
+ 'Fluxes in the ',al0,’ Rest Frame ’,
+ ’(counts/sec-sr-cm”2-keV)")
137  format(ULYSSES:LEFS60 Spin-Averaged Differential Proton ’,
+ 'Fluxes in the ’',al0,” Rest Frame ',
+ ’(counts/sec-sr-cm”"2-keV)")
138 format(ULYSSES:LEMS120 Spin-Averaged Differential Proton ’,
+ 'Fluxes in the ',al0,’ Rest Frame ’,
+ ’(counts/sec-sr-cm”2-keV)")
139  format('ULYSSES:LEFS150 Spin-Averaged Differential Proton ’,

+ 'Fluxes in the ',al0,” Rest Frame ',
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+ ’(counts/sec-sr-cm”2-keV)")

write(41,141)clrf
write(42,142)clrf
write(43,143)clrf
write(44,144)clrf
write(45,145)clrf
write(46,146)clrf
write(47,147)clrf
write(48,148)clrf

141  format(ULYSSES:LEMS30 Differential Helium Fluxes in the ',
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

142 format(ULYSSES:LEFS60 Differential Helium Fluxes in the ',
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

143 format(ULYSSES:LEMS120 Differential Helium Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

144  format(ULYSSES:LEFS150 Differential Helium Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

145  format(ULYSSES:LEMS30 Spin-Averaged Differential Helium ’,
+ ’'Fluxes in the ’,al0,” Rest Frame ’,
+ ’(counts/sec-sr-cm”2-keV)")

146  format(ULYSSES:LEFS60 Spin-Averaged Differential Helium ’,
+ 'Fluxes in the ’,al0,’ Rest Frame ’,
+ ’(counts/sec-sr-cm”"2-keV)")

147  format(ULYSSES:LEMS120 Spin-Averaged Differential Helium ’,
+ ’'Fluxes in the ’,al0,” Rest Frame ’,
+ ’(counts/sec-sr-cm”2-keV)")

148  format(ULYSSES:LEFS150 Spin-Averaged Differential Helium °,
+ 'Fluxes in the ’,al0,’ Rest Frame ’,
+ ’(counts/sec-sr-cm”"2-keV)")

write(51,151)clrf
write(52,152)clrf
write(53,153)clrf
write(54,154)clrf
write(55,155)clrf
write(56,156)clrf
write(57,157)clrf
write(58,158)clrf
151  format(ULYSSES:LEMS30 Differential Proton Rates in the ’,
+ al0,” Rest Frame (count/sec)’)
152 format(ULYSSES:LEFS60 Differential Proton Rates in the ’,
+ al0,” Rest Frame (count/sec)’)
153  format(ULYSSES:LEMS120 Differential Proton Rates in the ’,
+ al0,” Rest Frame (count/sec)’)
154  format(ULYSSES:LEFS150 Differential Proton Rates in the ’,
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+ al0,” Rest Frame (count/sec)’)

155  format(ULYSSES:LEMS30 Spin-Averaged Differential Proton ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

156 format(ULYSSES:LEFS60 Spin-Averaged Differential Proton °,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

157  format(ULYSSES:LEMS120 Spin-Averaged Differential Proton °’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

158  format(ULYSSES:LEFS150 Spin-Averaged Differential Proton ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

write(61,161)clrf
write(62,162)clrf
write(63,163)clrf
write(64,164)clrf
write(65,165)clrf
write(66,166)clrf
write(67,167)clrf
write(68,168)clrf

161  format(ULYSSES:LEMS30 Differential Helium Rates in the ’,
+ al0,” Rest Frame (count/sec)’)

162  format(ULYSSES:.LEFS60 Differential Helium Rates in the ',
+ al0,” Rest Frame (count/sec)’)

163  format(ULYSSES:LEMS120 Differential Helium Rates in the ’,
+ al0,” Rest Frame (count/sec)’)

164  format(ULYSSES:LEFS150 Differential Helium Rates in the ’,
+ al0,” Rest Frame (count/sec)’)

165  format(ULYSSES:LEMS30 Spin-Averaged Differential Helium ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

166  format(ULYSSES:LEFS60 Spin-Averaged Differential Helium ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

167 format(ULYSSES:LEMS120 Spin-Averaged Differential Helium ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

168  format(ULYSSES:LEFS150 Spin-Averaged Differential Helium °,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

write(71,171)clrf
write(72,172)clrf
write(73,173)clrf
write(74,174)clrf
write(75,175)clrf
write(76,176)clrf
write(77,177)clrf
write(78,178)clrf
171 format(ULYSSES:LEFS60 Differential Electron Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)
172  format(ULYSSES:LEFS150 Differential Electron Fluxes in the ’,
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+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

173  format(ULYSSES:LEFS60 Differential Electron Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”"2-keV)’)

174  format(ULYSSES:LEFS150 Differential Electron Fluxes in the ’,
+ al0,” Rest Frame (counts/sec-sr-cm”"2-keV)’)

175  format(ULYSSES:LEFS60 Spin-Averaged Differential Electron °,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

176  format(ULYSSES:LEFS150 Spin-Averaged Differential Electron ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

177 format(ULYSSES:LEFS60 Spin-Averaged Differential Electron °,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

178  format(ULYSSES:LEFS150 Spin-Averaged Differential Electron ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

write(81,181)clrf
write(82,182)clrf
write(83,183)clrf
write(84,184)clrf

181  format(ULYSSES:LEMS30 Differential DE Electron Fluxes in the ',
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

182  format(ULYSSES:LEMS30 Differential DE Electron Fluxes in the ',
+ al0,” Rest Frame (counts/sec-sr-cm”2-keV)’)

183  format(ULYSSES:LEMS30 Spin-Averaged Differential DE Electron °,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

184  format(ULYSSES:LEMS30 Spin-Averaged Differential DE Electron ’,
+ 'Rates in the ’,al0,” Rest Frame (count/sec)’)

200 format(’ Year Day Hr Mn Sec Sct R T N Pitch’,
+ 25(3x,f6.1,2x))

210 format(’ Year Day Hr Mn Sec ’,25(3x,f6.1,2x))

220 format(’ Year Day Hr Mn Sec Sct R T N Pitch’,
+ 12(3x,f6.1,2x))

230 format(’ Year Day Hr Mn Sec ’,12(3x,f6.1,2x))

240  format( Year Day Hr Mn Sec Sct’,4(3x,f6.1,2x))

250 format(’ Year Day Hr Mn Sec ’,4(3x,f6.1,2x))

write(31,200)(emscp(1,q),q=6,30)
write(32,200)(emscp(2,q),9=6,30)
write(33,200)(emscp(1,q),9=6,30)
write(34,200)(emscp(2,q),0=6,30)
write(35,200)(emscp(2,q),9=6,30)
write(36,200)(emscp(2,q),q=6,30)
write(30,210)(emscp(1,q),q=6,30)
write(37,210)(emscp(2,q),9=6,30)
write(38,210)(emscp(1,q),0=6,30)
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write(39,210)(emscp(2,q),q=6,30)

write(41,200)(emsca(1,q),0=6,30)
write(42,200)(emsca(2,q),9=6,30)
write(43,200)(emsca(1,q),9=6,30)
write(44,200)(emsca(2,q),q=6,30)
write(45,210)(emsca(1,q),9=6,30)
write(46,210)(emsca(2,q),0=6,30)
write(47,210)(emsca(1,q),0=6,30)
write(48,210)(emsca(2,q),9=6,30)

write(51,200)(emscp(1,q),q=6,30)
write(52,200)(emscp(2,q),9=6,30)
write(53,200)(emscp(1,q),0=6,30)
write(54,200)(emscp(2,q),9=6,30)
write(55,210)(emscp(1,q),9=6,30)
write(56,210)(emscp(2,q),q=6,30)
write(57,210)(emscp(1,q),q=6,30)
write(58,210)(emscp(2,q),9=6,30)

write(61,200)(emsca(1,q),9=6,30)
write(62,200)(emsca(2,q),q=6,30)
write(63,200)(emsca(1,q),9=6,30)
write(64,200)(emsca(2,q),q=6,30)
write(65,210)(emsca(1,q),0=6,30)
write(66,210)(emsca(2,q),9=6,30)
write(67,210)(emsca(1,q),q=6,30)
write(68,210)(emsca(2,q),q=6,30)

write(71,220)(emsce(2,q),0=6,17)
write(72,220)(emsce(2,q),9=6,17)
write(73,230)(emsce(2,q),9=6,17)
write(74,230)(emsce(2,9),q=6,17)
write(75,220)(emsce(2,q),q=6,17)
write(76,220)(emsce(2,q),0=6,17)
write(77,230)(emsce(2,q),9=6,17)
write(78,230)(emsce(2,9),9=6,17)

write(81,240)(emscde(q),q=1,4)
write(82,250)(emscde(q),q=1,4)
write(83,240)(emscde(q),q=1,4)
write(84,250)(emscde(q),q=1,4)

return
end
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C**********************************************************************

c
¢ GETPARAM.FOR determines several time-varying parameters to be
c used by (species)FLUX.FOR to evaluate the proton, alpha, and
c electron fluxes within the solar wind rest-frame. Among these
c parameters are the solar wind speed, the angle between the solar
¢ wind velocity and the spacecraft spin axis.
c
¢ J. Douglas Patterson, April 2000
¢ Fundamental Technologies, LLC.
c
C**********************************************************************
c
subroutine getparam
c
implicit none
c

¢ ** Intermediate Variables **
character*350 junk
integer i,j,k,z,q,jj,nn,ty
real*8 swr,swt,swn,bfr,bft,bfn
real pi,pwart(8),awart(8)
real Iwlb,lw1(8)
real midrate(8,32)

c
include ’'’home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’

c

c *x % * % * *x %k kx *k *k *x *k *x *k k¥ *x *¥ *x %k * *k *k *x *k * *k * *x %k * *x * *x * *

c
pi=3.1415926536
nn=9600
ty=1

c

c ** calculate proton and alpha fractions **

do j=1,8
Iw1(j)=(((555.07-480.)/(555.07-464.22))*

+ rate(3,js(3,)),19)+rate(3,js(3,)),20)+
+ rate(3,js(3,)),21)+rate(3,js(3,)),22)+
+ ((966.-962.84)/(1161.5-962.84))*
+ rate(3,js(3,)),23))*(.103/.428)

end do

do i=1,4

do j=1,8
if ((Iwl(j).ge.r8(j,16,1)).and.(lw1(j).gt.0.0)) then
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c

pfrac(i,js(i,j))=r8(j,16,1)/(Iwi(j))
if (pfrac(i,js(i,j)).gt.1.0) pfrac(i,js(i,j))=1.0
afrac(i,js(i,j))=1.-pfrac(i,js(i,j))

else
pfrac(i,js(i,j))=1.0
afrac(i,js(i,j))=0.0

end if

end do

end do

c *** Determine the Polar Anisotropy for High-E lons ****

c

c

+ o+

+ 4+ + 4+ o+ o+

do j=1,8

fpratio=
(rate(2,js(2,)),22)*((1000-1097.35)/(949.65-1097.35))+
rate(2,js(2,)),23)+rate(2,js(2,)),24)+
rate(2,js(2,j),25)+rate(2,js(2,j),26)+rate(2,js(2,j),27)+
rate(2,js(2,j),28)+rate(2,js(2,j),29)+rate(2,js(2,j),30)+
rate(2,js(2,j),31)+rate(2,js(2,j),32))/
(rate(3,js(3,)),23)*((1000-1161.50)/(962.84-1161.50))+
rate(3,js(3,)),24)+
rate(3,js(3,)),25)+rate(3,js(3,)),26)+rate(3,js(3,)),27)+
rate(3,js(3,)),28)+rate(3,js(3,)),29)+rate(3,js(3,)),30)+
rate(3,js(3,)),31)+rate(3,js(3,)),32))

fratio=
(rate(4,js(4,)),22)*((1000-1097.35)/(949.65-1097.35))+
rate(4,js(4,)),23)+rate(4,js(4,)),24)+
rate(4,js(4,j),25)+rate(4,js(4,)),26)+rate(4,js(4,)),27)+
rate(4,js(4,j),28)+rate(4,js(4,)),29)+rate(4,js(4,j),30)+
rate(4,js(4,j),31)+rate(4,js(4.j),32))/
(rate(3,js(3,)),23)*((1000-1161.50)/(962.84-1161.50))+
rate(3,js(3,)),24)+
rate(3,js(3,)),25)+rate(3,js(3,)),26)+rate(3,js(3,)),27)+
rate(3,js(3,)),28)+rate(3,js(3,)),29)+rate(3,js(3,)),30)+
rate(3,js(3,j),31)+rate(3,js(3,)),32))

end do

c *** Get B-Field and Vsw Vector for Current Time ****

c

dyear=dble(yr)+(dble(dy)+(dble(hr)+(dble(mn)+

+ sec/60.)/60.)/24.)/366.

if (rf.eq.2) then

call interpolate_dble(rswyr,vswr,nn,dyear,ty,swr)
call interpolate_dble(rswyr,vswt,nn,dyear,ty,swt)
call interpolate_dble(rswyr,vswn,nn,dyear,ty,swn)
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vsw(1)=real(swr)

vsw(2)=real(swt)

vsw(3)=real(swn)

vsw(4)=real(sgrt(swr**2+swt**2+swn**2))
end if

call interpolate_dble(rbfyr,br,nn,dyear,ty,bfr)
call interpolate_dble(rbfyr,bt,nn,dyear,ty,bft)
call interpolate_dble(rbfyr,bn,nn,dyear,ty,bfn)
bfld(1)=real(bfr)
bfld(2)=real(bft)
bfld(3)=real(bfn)
bfld(4)=real(sqrt(bfr**2+bft**2+bfn**2))
c
c *** Transform XYZ sector coordinates to RTN ***
c
do i=1,4
do j=1,8
do k=1,3
rtnsct(i,j,k)=trans(k,1,1)*xyzsct(i,j,1)+
+ trans(k,2,1)*xyzsct(i,j,2)+
+ trans(k,3,1)*xyzsct(i,j,3)
end do
end do
end do
c
c ** Calculate Pitch Angle and Vsw Directional Cosine ***
c
do i=1,4
do j=1,8
if (rf.eq.2) then
vswang(i,j)=acos((vsw(1)*rtnsct(i,j,1)

+ +vsw(2)*rtnsct(i,j,2)

+ +vsw(3)*rtnsct(i,j,3))/vsw(4))
end if
pitchang(i,j)=sin(acos((bfld(1)*rtnsct(i,j,1)

+ +bfld(2)*rtnsct(i,j,2)

+ +bfld(3)*rtnsct(i,j,3))/bfld(4)))

end do

end do

c

return

end
c

176



GETENERGY.FOR calculates the passband midpoint energies for
the 32 MFSA channels in terms of the incident particle energy
in the solar wind rest frame. The energy transformation from
the spacecraft frame to the solar wind rest frame is done on

a sector-by-sector basis for each particle species separately.

J. Douglas Patterson, June 2000
Fundamental Technologies, LLC.

OO0 0000000 O0OO0

subroutine getenergy

implicit none

** indicies **

integer i,j,k,q

** physical constants **

real mp,ma,me,kev
real dap,daa,dae,dbp,dba,dbe
real ap,aa,ae,bp,ba,be

include '/home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’

(@]

(¢

*% *% *% *% *% *% *% *% *% *%

** physical constants **

mp=1.67261e-27 ! mass of proton in kg
ma=6.64466e-27 I mass of alpha in kg
me=9.10956e-31 ! mass of electron in kg
kev=1.60219e-16 ! keV -> J conversion factor

** parameters for transforming spacecraft to solarwind frame **

ap=(1.E+6*mp)/(2.*keV)
bp=1000.*sqrt(2.*mp/kev)
aa=(1.E+6*ma)/(2.*kev)
ba=1000.*sqrt(2.*ma/kev)
ae=(1.E+6*me)/(2.*kev)
be=1000.*sqrt(2.*me/kev)

** get band-edge energies in solar wind rest frame **

do i=1,4
do j=1,8
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do k=1,31
eswp(i,j,k)=escp(i,k)+ap*(vsw(4)**2)
+ -bp*vsw(4)*sqgrt(escp(i,k))*cos(vswang(i,j))
eswa(i,j,k)=esca(i,k)+aa*(vsw(4)**2)
+ -ba*vsw(4)*sqrt(esca(i,k))*cos(vswang(i,j))
end do
do k=1,18
eswe(i,j,k)=esce(i,k)+ae*(vsw(4)**2)
+ -be*vsw(4)*sqgrt(esce(i,k))*cos(vswang(i,j))
end do
end do
do j=1,5
eswde(i,j)=escde(j)+ae*(vsw(4)**2)
+ -be*vsw(4)*sqgrt(escde(j))*cos(vswang(1,i))
end do
end do
c
¢ ** calculate mid-point energies in solar wind rest frame **
do i=1,4
do j=1,8
do k=1,30
emswp(i,j,k)=sqrt(eswp(i,j,k)*eswp(i,j,k+1))
emswal(i,j,k)=sqgrt(eswa(i,j,k)*eswal(i,j,k+1))
end do
do k=1,17
emswe(i,j,k)=sqrt(eswe(i,j,k)*eswe(i,j,k+1))
end do
end do
do j=1,4
emswde(i,j)=sqrt(eswde(i,j)*eswde(i,j+1))
end do
end do

return
end

C *% *%% *% *%% *% *%% *% *%% *%% *% *%

c
¢ PROTONFLUX calculates the proton fluxes in the solar wind

c rest frame using the MFSA data from the LEMS30, LEFS60, LEMS120,
¢ and LEFS150 detectors on the EPAM instrument on-board ACE or the
¢ HISCALE instrument on-board Ulysses. For more details about

c the alogrithms used by this routine, see the document

¢ 'Solar_Wind_Fluxes.lyx’ in the /home/epam/ directory of

¢ 'ulysses.ftecs.com’.

c
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¢ J. Douglas Patterson, March 2000
¢ Fundamental Technologies, LLC.

c

C**********************************************************************

c

(@]

(@]

c

subroutine protonflux

implicit none

** indicies **

integer i,j,k,q

** flux integration variables **

real empa(30),empb(30),dmpfa(30),dmpfb(30),mpfa,mpfb

real sdmf(8,30),sdmpf(8,30),sem(8,30),semp(8,30)

real amp(4,8,29),gam(4,8,29),rtbis,engl,eng2,eng3,eng4,ri,ripl
real xh,xl,dx,riplri,dmf(30),dmpf(30)

real em(30),emp(30),eng,mf,mpf

real m,b,totani,ani,avgani

integer npf,nf,jm,jmp,ty,nani

common /bandedge/ engl,eng2,eng3,eng4,riripl

** geometric factors **

real g(4)

include '/home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’

C**********************************************************************

c

c

nf=30
ty=2

c ** geometric factors **

C
C

g(1)=0.428
g(2)=0.397
0(3)=0.428
g(4)=0.397

c ** calculate proton fluxes **

do i=1,4
do j=1,8
if (pfrac(i,j).gt.0.0) then
do k=1,29
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xh=10.

xI=-10.

dx=0.001

engl=eswp(i,j,k) I Band-edge energies that

eng2=eswp(i,j,k+1) ! bracket the two rate points

eng3=eswp(i,j,k+1) ! R(), (engl and eng2) and

engd=eswp(i,j,k+2) ! R(i+1), (eng3 and eng4).

ri=pfrac(i,j)*rate(i,js(i,j),k)

ripl=pfrac(i,j)*rate(i,js(i,j),.k+1)

if ((ri.ge.0.).and.(ripl.ge.0.)) then
gam(i,j,K)=rtbis(xh,xl,dx,k,j)
amp(i,j,k)=pfrac(i,j)*rate(i,js(i,j),k)*

+ (gam(i,j,k)+1.)/
+ (9(i)*(eswp(i,j,k+1)*(gam(i,j,k)+1.)
+ -eswp(i,j,k)**(gam(i,j,k)+1.)))
pflux(i,j,k)=amp(i,j,k)*(emswp(i,j,k)**gam(i,j,k))
else

gam(i,j,k)=-0.999E-09
amp(i,j,k)=-0.999E-09
pflux(i,j,k)=-0.999E-09
end if
end do
if (gam(i,j,29).ne.-0.999E-09) then
pflux(i,j,30)=amp(i,j,29)*
+ (emswp(i,j,30)**gam(i,j,29))
else
pflux(i,j,30)=-0.999E-09
end if
else
do k=1,30
pflux(i,j,k)=0.00
end do
end if
c
c ** ensure that pflux is real **
do k=1,30
if ((pflux(i,j,k).ge.-1.0E-11)
+ .and.(pflux(i,j,k).le.1.0E+05)) then
pflux(i,j,K)=pflux(i,j,k)
else
pflux(i,j,k)=-0.999E-09
end if
end do
end do
end do
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do j=1,8
do k=1,30
pflux(5,j,k)=pflux(2,j,k) ! proton flux measured by
pflux(6,j,k)=pflux(4,j,k) ! LEFS MFSA channels > 17

end do
end do
c
¢ ** build arrays for interpolating proton flux data **
do j=1,8
do k=1,30
sdmpf(j,k)=pflux(3,j,k)
semp(j,k)=emswp(3,j,k)
end do
end do
c
c ** estimate proton fluxes for LEFS60 and LEFS150 **
do i=2,4,2
do j=1,8
do k=1,30
emp(k)=semp(js(3,).k)
dmpf(k)=sdmpf(js(3,)),k)
end do
do k=1,30
eng=emswp(i,js(i,j),k)
call interpolate(emp,dmpf,nf,eng,ty,mpf) 'M’ at Emid(F'/F)
if (mpf.gt.0.0) then
if (i.eq.2) then
pflux(i,js(i,j),k)=fpratio*mpf
else
pflux(i,js(i,j),k)=fratio*mpf
end if
else
pflux(i,js(i.j),k)=-0.999E-09
end if
end do
end do
end do
c
¢ ** make sure pflux is a real number **
do i=1,4
do j=1,8
do k=1,30
if ((pflux(i,j,k).ge.-1.0E-10).and.
+ (pflux(i,j,k).le.1.0E+07)) then
pflux(i,j,K)=pflux(i,j,k)
else
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pflux(i,j,k)=-0.999E-09
end if
end do
end do
end do
c
c ** determine proton counts in LEMS30 and LEMS120 **
do k=1,30
do =14
if (rate(1,j,k).ge.0.0) then
prate(1,j,k)=pfrac(1,j)*rate(1,j,k)
else
prate(1,j,k)=-0.999E-09
end if
end do
do j=1,8
if (rate(3,j,k).ge.0.0) then
prate(3,j,k)=pfrac(3,j)*rate(3,j,k)
else
prate(3,j,k)=-0.999E-09
end if
end do
end do
c
Cc ** integrate to get the proton counts in LEFS60 and LEFS150 **
do i=2,4,2
do j=1,8
do k=1,29
if ((pflux(i,j,k).ge.0.).and.(pflux(i,j,k+1).ge.0.))then
gam(i,j,k)=log10(pflux(i,j,k+1)/pflux(i,j,k))/
+ log10(emswp(i,j,k+1)/emswp(i,j,k))
amp(i,j,k)=pflux(,j,k)*
+ (emswp(i,j,k)**(-1.*gam(i,j,k)))
else
gam(i,j,k)=-0.999E-09
amp(i,j,k)=-0.999E-09
end if
end do
do k=1,28
if (gam(i,j,k).ne.-0.999E-09) then
prate(i,j,k)=(g(i)*amp(i,j,k)/(gam(i,j,k)+1.))*
(emswp(i,j,k)**(gam(i,j,k)+1.)-
eswp(i,j,k)**(gam(i,j,k)+1.))+
(9(i)*amp(i.j,k)/(gam(i,j, k+1)+1.))*
(eswp(i,j,k+1)**(gam(i,j,k+1)+1.)-
emswp(i,j,k)**(gam(i,j,k+1)+1.))

+ + + + o+
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else
prate(i,j,k)=-0.999E-09
end if
c * make sure prate is real *
if ((prate(i,j,k).ge.0.).and.
+ (prate(i,j,k).le.1.0E+05)) then
prate(i,j,k)=prate(i,j,k)
else
prate(i,j,k)=-0.999E-09
end if
end do
end do
end do

return
end

C**********************************************************************

ALPHAFLUX calculates the alpha fluxes in the solar wind

rest frame using the MFSA data from the LEMS30, LEFS60, LEMS120,
and LEFS150 detectors on the EPAM instrument on-board ACE or the
HISCALE instrument on-board Ulysses. For more details about

the alogrithms used by this routine, see the document
'Solar_Wind_Fluxes.lyx’ in the /home/epam/ directory of
‘ulysses.ftecs.com’.

J. Douglas Patterson, March 2000
Fundamental Technologies, LLC.

OO0 0000000000

C**********************************************************************

c
subroutine alphaflux

c
implicit none
c
c ** indicies **
integer i,j,k,q
c

¢ ** flux integration variables **
real empa(25),empb(25),dmpfa(25),dmpfb(25),mpfa,mpfb
real sdmf(8,25),sdmpf(8,25),sem(8,25),semp(8,25)
real amp(4,8,29),gam(4,8,29),rtbis,engl,eng2,eng3,eng4,ri,ripl
real xh,xl,dx,riplri,dmf(30),dmpf(30)
real em(30),emp(30),eng,mf,mpf
real m,b
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integer npf,nf,jm,jmp,ty

c
common /bandedge/ engl,eng2,eng3,eng4,ri,ripl
c
c ** geometric factors **
real g(4)
c
include '/home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’
c
c
nf=25
ty=2
c
c ** geometric factors **
g(1)=0.428
9(2)=0.397
g(3)=0.428
g(4)=0.397
c
c ** calculate alpha fluxes **
do i=1,4
do j=1,8
if (afrac(i,j).gt.0.0) then
do k=6,29
xh=10.
x|=-10.
dx=0.001
engl=eswa(i,j,k) I Band-edge energies that
eng2=eswa(i,j,k+1) ! bracket the two rate points
eng3=eswa(i,j,k+1) ! R(i), (engl and eng2) and
engd=eswa(i,j,k+2) ! R(i+1), (eng3 and eng4).
ri=afrac(i,j)*rate(i,j,k)
ripl=afrac(i,j)*rate(i,j,k+1)
if ((ri.ge.0.).and.(ripl.ge.0.)) then
gam(i,j,k)=rtbis(xh,xI,dx,k.j)
amp(i,j,k)=afrac(i,j)*rate(i,j,k)*
+ (gam(i,j,k)+1.)/
+ (9()*(eswa(i,j,k+1)*(gam(ij,k)+1.)
+ -eswa(i,j,k)**(gam(i,j,k)+1.)))

aflux(i,j,k)=amp(i,j,k)*(emswa(i,j,k)**gam(i,j,k))

else
gam(i,j,k)=-0.999E-09
amp(i,j,k)=-0.999E-09
aflux(i,j,k)=-0.999E-09
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end if

end do

if (gam(i,j,29).ne.-0.999E-09) then
aflux(i,j,30)=amp(i,j,29)*

+ (emswa(i,j,30)**gam(i,j,29))
else
aflux(i,j,30)=-0.999E-09
end if
else
do k=6,30
aflux(i,j,k)=0.00
end do
end if
end do
end do
do j=1,8
do k=6,30

aflux(5,j,k)=aflux(2,j,k) ! alpha flux measured by
aflux(6,j,k)=aflux(4,j,k) ! LEFS MFSA channels > 17
end do
end do
c
¢ ** build arrays for interpolating alpha flux data **
do j=1,8
do k=1,25
sdmpf(j,k)=aflux(3,j,k+5)
semp(j,k)=emswa(3,j,k+5)
end do
end do
c
c ** estimate alpha fluxes for LEFS60 and LEFS150 **
do i=2,4,2
do j=1,8
do k=1,30
emp(k)=semp(js(3,)).k)
dmpf(k)=sdmpf(js(3,j),k)
end do
do k=1,30
eng=emswa(i,js(i,j),k)
call interpolate(emp,dmpf,nf,eng,ty,mpf) M’ at Emid(F'/F)
if (mpf.gt.0.0) then
if (i.eq.2) then
aflux(i,js(i,j),k)=fpratio*mpf
else
aflux(i,js(i,j),k)=fratio*mpf
end if
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else
aflux(i,js(i,j),k)=-0.999E-09
end if
end do
end do
end do
c
¢ ** make sure aflux is a real number **
do i=1,4
do j=1,8
do k=1,30
if ((aflux(i,j,k).ge.-1.0E-10).and.
+ (aflux(i,j,k).le.1.0E+04)) then
aflux(i,j,k)=aflux(i,j,k)
else
aflux(i,j,k)=-0.999E-09
end if
end do
end do
end do
c
c ** determine alpha counts in LEMS30 and LEMS120 **
do k=1,30
do =14
arate(1,j,k)=afrac(1,js(1,j))*rate(1,j,k)
end do
do j=1,8
arate(3,j,k)=afrac(3,js(3,j))*rate(3,j,k)
end do
end do
c
Cc ** integrate to get the alpha counts in LEFS60 and LEFS150 **
do i=2,4,2
do j=1,8
do k=6,29
if ((aflux(i,j,k).ge.0.).and.(aflux(i,j,k+1).ge.0.))then
gam(i,j,k)=log10(aflux(i,j,k+1)/aflux(,j,k))/
+ log10(emsway(i,j,k+1)/emsway(i,j,k))
amp(i,j,k)=aflux(,j,k)*
+ (emswal(i,j,k)**(-1.*gam(i,},k)))
else
gam(i,j,k)=-0.999E-09
amp(i,j,k)=-0.999E-09
end if
end do
do k=6,28
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c

if (gam(i,j,k).ne.-0.999E-09) then
arate(i,j,K)=(g(i)*amp(i,j,k)/(gam(i,j,k)+1.))*
(emswa(i,j,k)**(gam(i,j,k)+1.)-
eswa(i,j,k)**(gam(i,j,k)+1.))+
(9(i)*amp(i,j.k)/(gam(i,j,k+1)+1.))*
(eswa(i,j,k+1)**(gam(i,j,k+1)+1.)-
emswal(i,j,k)**(gam(i,j,k+1)+1.))

+ 4+ + + +

else
arate(i,j,k)=-0.999E-09
end if
* make sure arate is real *
if ((arate(i,j,k).ge.0.).and.
+ (arate(i,j,k).le.1.0E+05)) then
arate(i,j,k)=arate(i,j,k)
else
arate(i,j,k)=-0.999E-09
end if
end do
end do
end do

return
end

C**********************************************************************

OO0 0000000000 O0OO0

ELECTRONFLUX calculates the electron fluxes in the solar wind

rest frame using the MFSA data from the LEMS30, LEFS60, LEMS120,
and LEFS150 detectors on the EPAM instrument on-board ACE or the
HISCALE instrument on-board Ulysses. For more details about

the alogrithms used by this routine, see the document
'Solar_Wind_Fluxes.lyx’ in the /home/epam/ directory of
‘ulysses.ftecs.com’.

J. Douglas Patterson, March 2000
Fundamental Technologies, LLC.

*% *%% *%% *%% *%% *%% *%% *%% *%% *%% *%

subroutine electronflux
implicit none

** indicies **
integer i,j,k,q

187



¢ ** flux integration variables **
real empa(25),empb(25),dmpfa(25),dmpfb(25),mpfa,mpfb
real sdmf(8,25),sdmpf(8,25),sem(8,25),semp(8,25)
real amp(4,8,29),gam(4,8,29),rthis,engl,eng2,eng3,eng4,ri,ripl
real xh,xl,dx,riplri,dmf(30),dmpf(30)
real em(30),emp(30),eng,mf,mpf
real m,b,proton(2,8,30)
integer npf,nf,jm,jmp,ty

c
common /bandedge/ engl,eng2,eng3,eng4,ri,ripl
c
c ** geometric factors **
real g(4)
c
include ’'’home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’
c
C*******************)\-*************************)\-************************
c
nf=25
ty=2
c
c ** geometric factors **
g(1)=0.428
g(2)=0.397
g(3)=0.428
0(4)=0.397
c
¢ ** calculate electron rates in LEFS60 and LEFS150 **
do i=2,4,2
do j=1,8
do k=1,17
if (prate(i,j,k).ge.0.) then
erate(i,j,k)=rate(i,j,k)-prate(i,j,k)
else
erate(i,j,k)=rate(i,j,k)
end if
if (arate(i,j,k).ge.0.) then
erate(i,j,k)=erate(i,j,k)-arate(i,j,k)
end if
if (erate(i,j,k).It.5.0E-05) erate(i,j,k)=-0.999E-09
end do
end do
end do
c

c ** calculate electron fluxes in solar wind rest frame **
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do i=2,4,2
do j=1,8
do k=6,16

xh=15.

xl=-15.

dx=0.001

engl=eswe(i,j,k) ! Band-edge energies that

eng2=eswe(i,j,k+1) ! bracket the two rate points

eng3=eswe(i,j,k+1) ! R(i), (engl and eng2) and

engd=eswe(i,j,k+2) ! R(i+1), (eng3 and eng4).

ri=erate(i,j,k)

ripl=erate(i,j,k+1)

if ((ri.ge.0.).and.(ripl.ge.0.)) then
gam(i,j,k)=rtbis(xh,xl,dx,k,j)
amp(i,j,K)=erate(i,j,k)*(gam(i,j,k)+1.)/

+ (9(i)*(eswe(i,j k+1)**(gam(i,j,k)+1.)
+ -eswe(i,j,k)**(gam(i,j,k)+1.)))
eflux(i,j,k)=amp(i,j,k)*(emswe(i,j,k)**gam(i,j,k))
else

gam(i,j,k)=-0.999E-09
amp(i,j,k)=-0.999E-09
eflux(i,j,k)=-0.999E-09
end if
end do
if (gam(i,j,k).ne.-0.999E-09) then
eflux(i,j,17)=amp(i,j,16)*(emswe(i,j,17)**gam(i,j,16))

else
eflux(i,j,17)=-0.999E-09
end if
end do
end do
c
do i=1,4
do j=1,8
do k=1,17
if (eflux(i,j,k).le.0.0) eflux(i,j,k)=-0.999E-09
end do
end do
end do
c
¢ ** make sure eflux is a real number **
do i=1,4
do j=1,8
do k=1,17
if ((eflux(i,j,k).ge.-1.0E-10).and.
+ (eflux(i,j,k).le.1.0E+10)) then
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eflux(i,j,k)=eflux(i,j,k)
else
eflux(i,j,k)=-0.999E-09
end if
end do
end do
end do
c
c ** subtract electron rates from LEFS total rates **
do j=1,8
do k=1,17
rate(2,j,k)=rate(2,j,k)-erate(2,j,k)
end do
end do
do j=1,4
do k=1,17
rate(4,j,k)=rate(4,j,k)-erate(4,j,k)
end do
end do

return
end

C**********************************************************************

c
¢ DEELECTRONFLUX calculates the electron fluxes in the solar wind
c rest frame using the deflected electron data from the LEMS30
¢ detector on the EPAM instrument on-board ACE or the HISCALE
¢ instrument on-board Ulysses. For more details about the
c alogrithms used by this routine, see the document
¢ 'Solar_Wind_Fluxes.lyx’ in the /home/epam/ directory of
¢ ’ulysses.ftecs.com’.
c
¢ J. Douglas Patterson, March 2000
¢ Fundamental Technologies, LLC.
c
CRFRRERE KA KRR AR AR KRR AR AR KA KRR AR Rk
c
subroutine deelectronflux
c
implicit none
c
c ** indicies **
integer i,j,k,q
c

c ** flux integration variables **

190



real empa(25),empb(25),dmpfa(25),dmpfb(25),mpfa,mpfb

real sdmf(8,25),sdmpf(8,25),sem(8,25),semp(8,25)

real amp(4,8,29),0am(4,8,29),rtbis,eng1,eng2,eng3,eng4,ri,ripl
real xh,xl,dx,rip1ri,dmf(30),dmpf(30)

real em(30),emp(30),eng,mf,mpf

real m,b

integer npf,nf,jm,jmp,ty

c
common /bandedge/ engl,eng2,eng3,eng4,ri,ripl
c
c ** geometric factors **
real g(4)
c
include '/home/ulysses/programs/fortran/include/new_indat.inc’
include ’'’home/ulysses/programs/fortran/include/new_swrf.inc’
g**********************************************************************
c
nf=25
ty=2
c
c ** geometric factors **
g(1)=0.11
g(2)=0.14
g(3)=0.18
g(4)=0.24
c
c ** calculate electron fluxes in solar wind rest frame **
do i=1,4
do j=1,4

if (derate(i,j).ge.0.0) then
deflux(i,j)=derate(i,j)/(g(j)*(eswde(i,j+1)-eswde(i,))))

else
deflux(i,j)=-0.999E-09
end if
end do
end do
c
return
end
c

¢ SPFLUXES.FOR takes the fluxes calculated at the MFSA energies
¢ transformed into the solar wind rest frame and interpolates
c the fluxes at the MFSA energies in the spacecraft frame.
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This will provide for consistency in the final data product,
and easier comparison of the energy spectra.

c

c

c

¢ J. Douglas Patterson, Aug. 2000
¢ Fundamental Technologies, LLC.
c

C**********************************************************************

c
subroutine spfluxes
c
implicit none
c
integer i,j,k,nn,typ
real eng(30),fIx(30),eeng(17),eflx(17),ineng,spflx
c
include '/home/ulysses/programs/fortran/include/new_indat.inc’
include '/home/ulysses/programs/fortran/include/new_swrf.inc’
c

C**********************************************************************
C

do =14
nn=4
do k=1,4
eng(k)=emswde(j,k)
if (deflux(j,k).le.0.0) then
fIx(k)=0.999E-06
else
fix(k)=deflux(j,k)
end if
end do
do k=1,4
ineng=emswde(j,k)
call interpolate(eng,flx,nn,ineng,typ,spflx)
defluxsp(j,k)=spflx
end do
end do

do i=1,4,3
do =14
nn=30
do k=1,30
eng(k)=emswp(i,j,k)
if (pflux(i,j,k).le.0.0) then
fIx(k)=0.999E-06
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else
fix(k)=pflux(i,j,k)
end if
end do
do k=1,30
ineng=emscp(i,k)
call interpolate(eng,flx,nn,ineng,typ,spfix)
pfluxsp(i,j,K)=spflx
end do
do k=1,30
eng(k)=emswa(i,j,k)
if (aflux(i,j,k).le.0.0) then
fIx(k)=0.999E-06
else
fix(k)=aflux(i,j,k)
end if
end do
do k=1,30
ineng=emsca(i,k)
call interpolate(eng,flx,nn,ineng,typ,spflx)
afluxsp(i,j,k)=spflx
end do
nn=17
do k=1,17
eeng(k)=emswe(i,j,k)
if (eflux(i,j,k).le.0.0) then
eflx(k)=0.999E-06
else
eflx(k)=eflux(i,j,k)
end if
end do
do k=1,17
ineng=emsce(i,k)
call interpolate(eeng,eflx,nn,ineng,typ,spflx)
efluxsp(i,j,k)=spflx
end do

end do

do i=2,3
do j=1,8

nn=30
do k=1,30
eng(k)=emswp(i,j,k)
if (pflux(i,j,k).le.0.0) then
fIx(k)=0.999E-06
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else
fix(k)=pflux(i,j,k)
end if
end do
do k=1,30
ineng=emscp(i,k)
call interpolate(eng,flx,nn,ineng,typ,spfix)
pfluxsp(i,j,K)=spflx
end do
do k=1,30
eng(k)=emswa(i,j,k)
if (aflux(i,j,k).le.0.0) then
fIx(k)=0.999E-06
else
fix(k)=aflux(i,j,k)
end if
end do
do k=1,30
ineng=emsca(i,k)
call interpolate(eng,flx,nn,ineng,typ,spflx)
afluxsp(i,j,k)=spflx
end do
nn=17
do k=1,17
eeng(k)=emswe(i,j,k)
if (eflux(i,j,k).le.0.0) then
eflx(k)=0.999E-06
else
eflx(k)=eflux(i,j,k)
end if
end do
do k=1,17
ineng=emsce(i,k)
call interpolate(eeng,eflx,nn,ineng,typ,spflx)
efluxsp(i,j,k)=spflx
end do

end do

do j=1,8
do k=1,30

eng(k)=emswp(2,j,k)
if (pflux(i,j,k).le.0.0) then
flx(k)=0.999E-06
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else
fIx(k)=pflux(i,j,k)
end if
end do
do k=1,30
ineng=emscp(2,k)
call interpolate(eng,flx,nn,ineng,typ,spflx)
pfluxsp(i,j,K)=spflx

end do
end do
i=6
do j=1,4
do k=1,30
eng(k)=emswp(4,j,k)
if (pflux(i,j,k).le.0.0) then
fIx(k)=0.999E-06
else
fIx(k)=pflux(i,j,k)
end if
end do
do k=1,30
ineng=emscp(4,k)
call interpolate(eng,flx,nn,ineng,typ,spflx)
pfluxsp(i,j,K)=spfix
end do
end do
do i=1,4
do j=1,8
do k=1,30
if (pfluxsp(i,j,k).le.1.0E-05) pfluxsp(i,j,k)=-0.999E-09
if (afluxsp(i,j,k).le.1.0E-05) afluxsp(i,j,k)=-0.999E-09
if (pfluxsp(i,j,k).ge.1.0E+04) pfluxsp(i,j,k)=-0.999E-09
if (afluxsp(i,j,k).ge.1.0E+04) afluxsp(i,j,k)=-0.999E-09
if (pflux(i,j,k).eq.0.0) pfluxsp(i,j,k)=0.0
if (aflux(i,j,k).eq.0.0) afluxsp(i,j,k)=0.0
end do
do k=1,17
if (efluxsp(i,j,k).le.1.0E-05) efluxsp(i,j,k)=-0.999E-09
if (efluxsp(i,j,k).ge.1.0E+04) efluxsp(i,j,k)=-0.999E-09
if (eflux(i,j,k).eq.0.0) efluxsp(i,j,k)=0.0
end do
end do
end do
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do i=5,6
do j=1,8
do k=1,30
if (pfluxsp(i,j,k).le.1.0E-05) pfluxsp(i,j,k)=-0.999E-09
if (afluxsp(i,j,k).le.1.0E-05) afluxsp(i,j,k)=-0.999E-09
if (pfluxsp(i,j,k).ge.1.0E+04) pfluxsp(i,j,k)=-0.999E-09
if (afluxsp(i,j,k).ge.1.0E+04) afluxsp(i,j,k)=-0.999E-09
end do
end do
end do

return
end

C**********************************************************************

WRITEOUTPUTDATA determines what to write to the output files
based upon the state of two data quality flags, baddat and
eofdat. If baddat is not equal to zero, the bad-data marker
-0.999E-09 is written to all of the data fields for the given

year, day and hour. If eofdat is not equal to zero, then

an end-of-file marker record is written, year=9999, day=999,
hour=99, and all data fields=-0.999E-09. If neither flag is

set (i.e. baddat=eofdat=0), then the valid data is written to

the output files.

J. Douglas Patterson, March 2000
Fundamental Technologies, LLC.

OO0 00O0000O00O0O0OO0OO0

C**********************************************************************

c
subroutine writeoutputdata

implicit none

character*10 nancheck
integer i,j,k,q,nj

integer npf,naf,nef,ndef
integer npr,nar,ner,nder
integer enp,ena,ene,ende
integer badflux(6)

real degang(4,8)

real tpf taf,tef,tdef

real tpr,tar,ter,tder

real etp,eta,ete,etde

real engtpf,engtaf,engtef,engtdef
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real pfx(4,30),afx(4,30),efx(4,17),defx(4)
real prt(4,30),art(4,30),ert(4,17),dert(4)

include '’home/ulysses/programs/fortran/include/new_indat.inc’
include '’home/ulysses/programs/fortran/include/new_swrf.inc’
c
C**************************-k*******************************************
c
c *** Check for NAN Values and Data Validity ***
do i=1,6
badflux(i)=0
do j=1,8
do k=6,30
5 format(e10.3)
write(nancheck,5)pfluxsp(i,j,k)
if (nancheck.eq.” NAN") then
pfluxsp(i,j,k)=-0.999E-09
end if
write(nancheck,5)afluxsp(i,j,k)
if (nancheck.eq.” NAN’) then
afluxsp(i,j,k)=-0.999E-09
end if
end do
end do
end do
do i=1,4
do j=1,8
do k=6,17
write(nancheck,5)efluxsp(i,j,k)
if (nancheck.eq.” NAN") then
efluxsp(i,j,k)=-0.999E-09
end if
end do
end do
end do

do i=1,4
do k=6,30

tpf=0.

taf=0.

npf=0

naf=0

if ((i.eq.1).or.(i.eq.4)) then
nj=4

else
nj=8
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end if
do j=1,nj
if (pfluxsp(i,j,k).ge.0.0) then
npf=npf+1
tpf=tpf+pfluxsp(i,j,k)
end if
if (afluxsp(i,j,k).ge.0.0) then
naf=naf+1
taf=taf+afluxsp(i,j,k)
end if
end do
if ((tpf.ge.0.0).and.(npf.ge.1)) then
pfx(i,k)=tpf/real(npf)
else
pfx(i,k)=-0.999E-09
end if
if ((taf.ge.0.0).and.(naf.ge.1)) then
afx(i,k)=taf/real(naf)
else
afx(i,k)=-0.999E-09
end if
tpr=0.
tar=0.
npr=0
nar=0
do j=1,nj
if (prate(i,j,k).ge.0.0) then
npr=npr+1
tpr=tpr+prate(i,j,k)
end if
if (arate(i,j,k).ge.0.0) then
nar=nar+1
tar=tar+arate(i,j,k)
end if
end do
if ((tpr.ge.0.0).and.(npr.ge.1)) then
prt(i,k)=tpr/real(npr)
else
prt(i,k)=-0.999E-09
end if
if ((tar.ge.0.0).and.(nar.ge.1)) then
art(i,k)=tar/real(nar)
else
art(i,k)=-0.999E-09
end if
end do
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end do

do i=2,4,2
do k=6,17
tef=0.
nef=0
if (i.eq.4) then
nj=4
else
nj=8
end if
do j=1,n;
if (efluxsp(i,j,k).ge.0.0) then
nef=nef+1
tef=tef+efluxsp(i,j,k)
end if
end do
if ((tef.ge.0.0).and.(nef.ge.1)) then
efx(i,k)=tef/real(nef)
else
efx(i,k)=-0.999E-09
end if
ter=0.
ner=0
do j=1,nj
if (erate(i,j,k).ge.0.0) then
ner=ner+1
ter=ter+erate(i,j,k)
end if
end do
if ((ter.ge.0.0).and.(ner.ge.1)) then
ert(i,k)=ter/real(ner)
else
ert(i,k)=-0.999E-09
end if
end do
end do

do k=1,4
tdef=0.
ndef=0
do j=1,4
if (defluxsp(j,k).ge.0.0) then
ndef=ndef+1
tdef=tdef+deflux(j,k)
end if

199



end do
if ((tdef.ge.0.0).and.(ndef.ge.1)) then
defx(k)=tdef/real(ndef)
else
defx(k)=-0.999E-09
end if
tder=0.
nder=0
do j=1,nj
if (derate(j,k).ge.0.0) then
nder=nder+1
tder=tder+derate(j,k)
end if
end do
if ((tder.ge.0.0).and.(nder.ge.1)) then
dert(k)=tder/real(nder)

else
dert(k)=-0.999E-09
end if
end do
c
c *** Check for Data Out of Range ***
c
do i=1,6
do k=6,30
do j=1,8

if (pfluxsp(i,j,k).ge.1.0E+04) pfluxsp(i,j,k)=-0.999E-09
if (afluxsp(i,j,k).ge.1.0E+04) afluxsp(i,j,k)=-0.999E-09
if (pfluxsp(i,j,k).le.1.0E-08) pfluxsp(i,j,k)=-0.999E-09
if (afluxsp(i,j,k).le.1.0E-08) afluxsp(i,j,k)=-0.999E-09
end do
if (pfx(i,k).ge.1.0E+04) pfx(i,k)=-0.999E-09
if (afx(i,k).ge.1.0E+04) afx(i,k)=-0.999E-09
if (pfx(i,k).le.1.0E-08) pfx(i,k)=-0.999E-09
if (afx(i,k).le.1.0E-08) afx(i,k)=-0.999E-09
end do
end do
do i=2,4,2
do k=6,17
do j=1,8
if (efluxsp(i,j,k).ge.1.0E+04) efluxsp(i,j,k)=-0.999E-09
if (efluxsp(i,j,k).le.1.0E-08) efluxsp(i,j,k)=-0.999E-09
end do
if (efx(i,k).ge.1.0E+04) efx(i,k)=-0.999E-09
if (efx(i,k).le.1.0E-08) efx(i,k)=-0.999E-09
end do
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c

end do

do =14
do k=1,4
if (defluxsp(j,k).ge.1.0E+04) deflux(j,k)=-0.999E-09
if (defluxsp(j,k).le.1.0E-08) deflux(j,k)=-0.999E-09
end do
if (defx(k).ge.1.0E+04) defx(k)=-0.999E-09
if (defx(k).le.1.0E-08) defx(k)=-0.999E-09
end do

format(1x,i4,1x,i3,2(1x,i2),1x,5.2,1x,i2,4(1x,f6.3),1p25e€11.3)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,1x,i2,4(1x,f6.3),1p12e11.3)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,1x,i2,4(1x,f6.3),4(1x,f10.5))
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,1p25e11.3)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,1p12e11.3)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,1x,i2,1x,1p4e11.3)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,1p4e11.3)
format(1x,i4,1x,i3,2(1x,i2),1x,f5.2,2(4x,f7.2))

bd=0
if ((bd.eq.0).and.(ef.eq.0)) then

c ** Write Data to Output Files ***

do =14
write(31,10)yr,dy,hr,mn,sec,j,(rtnsct(1,j,k),k=1,3),

+ pitchang(L.),(pfluxsp(1.,9),q=6,30)

write(34,10)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),

+ pitchang(4.,j),(pfluxsp(4,j,q),q=6,30)

write(36,10)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),

+ pitchang(4.j),(pfluxsp(6.j,q),q=6,30)

write(41,10)yr,dy,hr,mn,sec,j,(rtnsct(1,j,k),k=1,3),

+ pitchang(1,)),(afluxsp(1,j,q),q=6,30)

write(44,10)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),

+ pitchang(4,j),(afluxsp(4,j,q),q=6,30)

write(51,10)yr,dy,hr,mn,sec,j,(rtnsct(1,j,k),k=1,3),

+ pitchang(1.),(prate(1,},0),q=6,30)

write(54,10)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),

+ pitchang(4,)),(prate(4,j,q),0=6,30)

write(61,10)yr,dy,hr,mn,sec,j,(rtnsct(1,j,k),k=1,3),

+ pitchang(1,j),(arate(1,j,q),0=6,30)

write(64,10)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),

+ pitchang(4.)),(arate(4,j,q),q=6,30)

write(72,20)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),

+ pitchang(4.,j),(efluxsp(4,j,q),q=6,17)

write(76,20)yr,dy,hr,mn,sec,j,(rtnsct(4,j,k),k=1,3),
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pitchang(4,j),(erate(4,j,9),0=6,17)
write(81,60)yr,dy,hr,mn,sec,j,(defluxsp(j,q),q=1,4)
write(83,60)yr,dy,hr,mn,sec,j,(derate(j,q),q=1,4)
end do
do j=1,8
write(32,10)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(pfluxsp(2,j,q),q=6,30)
write(33,10)yr,dy,hr,mn,sec,j,(rtnsct(3,j,k),k=1,3),
pitchang(3,j),(pfluxsp(3,j,q),q=6,30)
write(35,10)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(pfluxsp(5,j,9),q=6,30)
write(42,10)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(afluxsp(2,j,q),q=6,30)
write(43,10)yr,dy,hr,mn,sec,j,(rtnsct(3,j,k),k=1,3),
pitchang(3,)),(afluxsp(3,j,q),q=6,30)
write(71,20)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(efluxsp(2,j,q),q=6,17)
write(52,10)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(prate(2,j,q),0=6,30)
write(53,10)yr,dy,hr,mn,sec,j,(rtnsct(3,j,k),k=1,3),
pitchang(3,j),(prate(3,},9),9=6,30)
write(62,10)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(arate(2,j,q),0=6,30)
write(63,10)yr,dy,hr,mn,sec,j,(rtnsct(3,j,k),k=1,3),
pitchang(3,j),(arate(3,j,q),0=6,30)
write(75,20)yr,dy,hr,mn,sec,j,(rtnsct(2,j,k),k=1,3),
pitchang(2,j),(erate(2,j,9),0=6,17)
end do
write(30,40)yr,dy,hr,mn,sec,(pfx(1,q9),q=6,30)
write(45,40)yr,dy,hr,mn,sec,(afx(1,q9),q=6,30)
write(55,40)yr,dy,hr,mn,sec,(prt(1,9),q=6,30)
write(65,40)yr,dy,hr,mn,sec,(art(1,q),q=6,30)
write(37,40)yr,dy,hr,mn,sec,(pfx(2,q),q=6,30)
write(46,40)yr,dy,hr,mn,sec,(afx(2,q),q=6,30)
write(56,40)yr,dy,hr,mn,sec,(prt(2,q),q=6,30)
write(66,40)yr,dy,hr,mn,sec,(art(2,9),q=6,30)
write(73,40)yr,dy,hr,mn,sec,(efx(2,q9),q=6,17)
write(77,40)yr,dy,hr,mn,sec,(ert(2,9),0=6,17)
write(38,40)yr,dy,hr,mn,sec,(pfx(3,q9),q=6,30)
write(47,40)yr,dy,hr,mn,sec,(afx(3,q),q=6,30)
write(57,40)yr,dy,hr,mn,sec,(prt(3,q),q=6,30)
write(67,40)yr,dy,hr,mn,sec,(art(3,9),q=6,30)
write(39,40)yr,dy,hr,mn,sec,(pfx(4,q),q=6,30)
write(48,40)yr,dy,hr,mn,sec,(afx(4,q),q=6,30)
write(58,40)yr,dy,hr,mn,sec,(prt(4,q),q=6,30)
write(68,40)yr,dy,hr,mn,sec,(art(4,q),q=6,30)
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write(74,40)yr,dy,hr,mn,sec,(efx(4,q),q=6,17)
write(78,40)yr,dy,hr,mn,sec,(ert(4,q),q=6,17)
write(82,70)yr,dy,hr,mn,sec,(defx(q),q=1,4)
write(84,70)yr,dy,hr,mn,sec,(dert(q),q=1,4)
return

end if

return
end

INTERPOLATE.FOR performs either a linear interpolation or a
power law interpolation for a given data set. The calling
routine provides the tabulated data as two single-column
arrays, XA and YA, the number of elements in the array, NA,
the value of the independent variable, X, and the type of
interpolation to be performed. If TYPE=1 then a linear
interpolation is performed, elsewise a power law interpolation
is performed. The routine returns the interpolated value for
the dependent variable, Y. If the independent variable
supplied to INTERPOLATE is outside the bounds of the tabulated
data, then the dependent variable is extrapolated based upon
the trend of the ending and second-to-the-end points.

J. Douglas Patterson, June 2000
Fundamental Technologies, LLC.

subroutine interpolate_dble(xa,ya,na,x,type,y)
implicit none

integer na,type,n,i
real*8 xa(na),ya(na),x,y,x1,x2,y1,y2
real*8 Ixa(na),lya(na),lx,ly

if (type.eq.1l) then
Ix=x
do i=1,na
Ixa(i)=xa(i)
lya(i)=ya(i)
end do
else
Ix=log10(x)
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do i=1,na
Ixa(i)=dlog10(xa(i))
lya(i)=dlog10(ya(i))
end do
end if

do n=1,na-1

x1=Ixa(n)

yl=lya(n)

x2=Ixa(n+1)

y2=lya(n+1)

if ((x1.le.Ix).and.(x2.gt.Ix)) goto 10
end do

if (Ix.It.Ixa(1)) then
x1=Ixa(1)
x2=Ixa(2)
yl=lya(1)
y2=lya(2)

end if

if (Ix.ge.lxa(na)) then
x1=Ixa(na-1)
x2=Ixa(na)
yl=lya(na-1)
y2=lya(na)

end if

ly=((y2-y1)/(x2-x1))*(Ix-x1)+y1

if (type.eq.l) y=ly
if (type.eq.2) y=10**ly

if (x.It.xa(1)) y=ya(1)
if (x.gt.xa(na)) y=ya(na)

return
end

C**********************************************************************

c

¢ RTBIS is a root finding function that uses the bi-section method.
c The code in all caps is from Press, and the code in lower
c case is my modification.

c

C**********************************************************************

204



FUNCTION RTBIS(X1,X2,XACC,n,m)

c
implicit none
c
real xacc,f,fmid,rtbis,dx,xmid
real x1,x2,rp,r,el,e2,e3,e4
integer jj,jmax,n,m
common /bandedge/ el,e2,e3,e4,r,rp
c

JMAX=1000
fmid=((e4**(x2+1.)-e3**(x2+1.))/(e2**(x2+1.)-e1**(x2+1.)))-rp/r
f=((e4**(x1+1.)-e3**(x1+1.))/(e2**(x1+1.)-e1**(x1+1.)))-rp/r
IF(F*FMID.GE.O.) then
rtbis=-0.999e-09
return
end if
IF(F.LT.0.)THEN
RTBIS=X1
DX=X2-X1
ELSE
RTBIS=X2
DX=X1-X2
ENDIF
DO 11 jj=1,JMAX
DX=DX*.5
XMID=RTBIS+DX
fmid=((e4**(xmid+1.)-e3**(xmid+1.))/
+ (e2**(xmid+1.)-e1**(xmid+1.)))-rp/r
IF(FMID.LT.0.)RTBIS=XMID
IF(ABS(DX).LT.XACC .OR. FMID.EQ.0.) RETURN
11 end do
END

This file contains the declarations for the variables used by
the driving program MFSA_SWRF.FOR and its subroutines.

J. Douglas Patterson, May 2000
Fundamental Technologies, LLC.

OO0 00000

C******)\'************)\'************)\'*************************************

c
c *** Time Variables ***
integer yr,dy,hr,mn I input time variables
real sec I input time variables
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real*8 dyear I time in decimal year

character*4 cyear I four-digit year text
integer uyear I four-digit year
integer sct I sector number
integer dom I day of mission (1990:318=day 1)
integer domyear I year of mission (1990=year 0)
integer domflag I background data quality flag
I 1=good, 2=estimated
c
c *** |nput Data Variables ***
real rate(4,8,32) ! MFSA rates (detector,sector,channel)
real derate(4,4) I DE e- rates (sector,channel)
real wart(8,8) I WART rates (sector,channel)
real bkgr(4,32) I MFSA bkgrnd rates (detector,channel)
real debkgr(4) I DE background rates (channel)
real vsw(4) I solar wind speed (r,t,n,magnitude)
real ra,dec ! R.A. and Dec. for spin axis
real craft(3) I (x,y,z) of Ulysses in Helio-EME
real bfld(4) I B-field (R,T,N,mag)
real bfieldpolar I polar angle for B in SC coordinates
real bfieldaz ! azimuth angle for B in SC coordinates
c
real*8 rswyr(9600) I time array for raw Vsw data
real*8 vswr(9600) I array of R components of Vsw
real*8 vswt(9600) I array of T components of Vsw
real*8 vswn(9600) I array of N components of Vsw
real*8 rbfyr(9600) I time array for raw magnetic field data
real*8 br(9600) I array of R components of B-field
real*8 bt(9600) ! array of T components of B-field
real*8 bn(9600) I array of N components of B-field
c
real mfsa(33) ! mfsa band-edge energies [dE]
c
real escp(4,31) I band-edge energies in the spacecraft
real esca(4,31) I frame for H, He, O, Fe, and e-
I (detector,channel) [Einc]
real esce(4,18) !
real escde(5) I ..for DE e- (channel)
c
real emscp(4,30) I midpoint energies in the spacecraft
real emsca(4,30) I frame for H, He, O, Fe, and e-
I (detector,channel) [Einc]
real emsce(4,17) !
real emscde(4) I ..for DE e- (channel)
c
integer bd,ef I bad data and eof flags
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(@]

integer js(4,8) I alignment for detector sectors
I (detector, sector aligned with CA)

integer rf I reference frame flag: 1=sc, 2=sw
character*2 crf I reference frame text for filenames
character*10 clrf | reference frame text for headers

*** |ntermediate Variables ***
real eswp(4,8,31) ! band-edge energies in the solar wind
real eswa(4,8,31) ! frame for H, He, O, Fe, and e-

! (detector,channel) [Einc]
real eswe(4,8,18) !
real eswde(4,5) I ..for DE e- (sector,channel)

real emswp(4,8,30) ! midpoint energies in the solar wind
real emswa(4,8,30) ! frame for H, He, O, Fe, and e-
! (detector,channel) [Einc]
real emswe(4,8,17) !
real emswde(4,4) I ..for DE e- (sector,channel)

real prate(4,8,30) ! proton rates (detector,sect,channel)
real arate(4,8,30) ! helium rates (detector,sect,channel)
real erate(4,8,17) ! electron rates (detect,sect,channel)

real xyzsct(4,8,3) ! sector unit vectors in S/C coords
real rtnsct(4,8,3) ! sector unit vectors in RTN coords
! (detector,sector,component)

real pitchang(4,8) ! angle between the B-field vector
! and the sector look vector
! (detector,sector)
real vswang(4,8) I angle between the solar wind vector
I and the sector look vector
I (detector,sector)

real pfrac(4,8) I fractional proton content (det,sect)
real afrac(4,8) I fractional helium content (det,sect)
real fpratio I LEFS60:LEMS120 ratio E > 1MeV
real fratio I LEFS150:LEMS120 ratio E > 1MeV

*** Qutput Variables ***
** fluxes at transformed energy points **

real pflux(6,8,30) ! proton flux (detector,sector,channel)
real aflux(6,8,30) ! helium flux (detector,sector,channel)
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real eflux(4,8,17) ! electron flux (detect,sector,channel)
real deflux(4,4) I DE electron flux (sector,channel)
c
c ** fluxes at standard energy points **
real pfluxsp(6,8,30) ! proton flux (detector,sector,channel)
real afluxsp(6,8,30) ! helium flux (detector,sector,channel)
real efluxsp(4,8,17) ! electron flux (detect,sector,channel)
real defluxsp(4,4) I DE electron flux (sector,channel)
c
c *** Common Blocks ***
common /inputtime/ dyear,yr,dy,hr,mn,sec,sct,cyear
common /inputdata/ rate,derate,bd,ef,rf,crf,clrf
common /background/ bkgr,debkgr
common /sceng/ mfsa,escp,esca,esce,escde,

+ emscp,emsca,emsce,emscde
common /sweng/ eswp,eswa,eswe,eswde,
+ emswp,emswa,emswe,emswde

common /rates/ prate,arate,erate

common /flux/ pflux,aflux,eflux,deflux

common /spflux/ pfluxsp,afluxsp,efluxsp,defluxsp

common /parameters/ vsw,pfrac,afrac,vswang,ra,dec,craft,

+ wart,bfld,bfieldpolar,bfieldaz,js,pitchang,xyzsct,rtnsct,
+ fpratio,fratio

common /bvsw/ rswyr,vswr,vswt,vswn,rbfyr,br,bt,bn
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