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ABSTRACT

The space radiation environment for the CLEMENTINE I mission was
investigated using a new calculational model, CHIME, which includes the
effects of galactic cosmic rays (GCR), anomalous component (AC) species and
solar energetic particle (SEP) events and their variations as a function of time.
Unlike most previous radiation environment models, CHIME is based upon
physical theory and is "calibrated" with energetic particle measurements made :
over the last two decades. Thus, CHIME provides an advance in the accuracy of
estimating the interplanetary radiation environment. Using this model we =~
have calculated particle energy spectra, fluences and linear energy transfer (LET)
spectra for all three major components of the CLEMENTINE I mission during
1994: 1) the spacecraft in lunar orbit, 2) the spacecraft during asteroid flyby, and 3)
the interstage adapter (ISA) in Earth orbit. Our investigations indicate that
during 1994 the level of solar modulation, which dominates the variation in the
GCR and AC flux as a function of time, will be decreasing toward solar
minimum levels. Consequently, the GCR and AC flux will be increasing during
the year and, potentially, will rise to levels seen during previous solar
minimums {(e.g. 1987, 1973-1978, 1965). The estimated radiation environment
also indicates that the AC will dominate the energetic particle spectra for
energies below 30 - 50 MeV/nucleon, while the GCR have a peak flux at ~300
MeV/nucleon and maintain a relatively high flux level up to >1000
MeV/nucleon. The AC significantly enhances the integrated flux for LET i in the
range 1 to 10 MeV/(mg/cm?), but due to the steep energy spectra of the AC a
relatively small amount of material (~50 mils of Al) can effectively shield
against this component. The GCR are seen to be highly penetrating and require
massive amounts of shielding before there is any appreciable decrease in the
LET flux. For SEP events, we have extrapolated from the historical record to

estimate that 10+5 events might be observed during 1994 and the total fluence of
>10 MeV protons for these events should be less than 108 particles/(cm? sr).
Four samples of 10 events, selected from those included in the CHIME model,
were used to investigate the SEP effects on the LET spectrum. Each sample had a
different composition and were labeled 1) typical, 2) heavy ion rich, 3) heavy ion
poor and 4) typical with a single large event. Slight differences were found for
samples 1 - 3 for LET > 34 MeV/(mg/an?) due to differences in the heavy ion
content, while the single large event in sample 4 resulted in significant fluence
enhancements for all LET values. LET spectra for all three components of the
CLEMENTINE I mission were calculated by combining the GCR, AC and
"typical" composition SEP fluxes and, for the ISA, taking into account the effect
of geomagnetic transmission. It was found that GCR dominate the LET spectra
for LET greater than about 1 MeV/{mg/an?) and below this level the SEP effects
can be seen for Al shield less than 300 mils thick. The effect of geomagnetic
transmission of the interplanetary radiation averaged over the ISA orbit appears

to be negligible. Plots and tables of estimated LET spectra are provided in this
report.
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. INTRODUCTION

Lawrence Livermore National Laboratory Subcontract B235271 was
established April 1, 1993 at Louisiana State University (LSU) to support studies
of the anticipated radiation environment to be encountered by the
CLEMENTINE I spacecraft and transstage. With BMDO (formerly SDIO) and
NASA, LLNL is involved in the Clementine mission to space test new
technology sensors, and their support systems, that have been developed for.
‘monitoring purposes. The space radiation environment, particularly the heavy
ion component, presents one of the most stringent challenges to system design,
particularly with regard to micro-electronic circuitry.

For electronic components located within a spacecraft, there is a large
radiation dose (depending upon the actual orbit) contributed by protons and
electrons plus radiation effects due to the heavy ion component of galactic
‘cosmic rays (GCR), anomalous component (AC), and solar energetic particles
(SEP). This heavy ion component is particularly important because of the ability
of a single heavy nucleus to affect ("upset") microelectronic circuitry (e.g. Binder
et al., 1975) particularly low power memory chips (Kolasinski, et al., 1979). Even
though the relative abundance of heavy ions is small, compared to protons, the

~ heavy ion efficiency is high since the effects are caused directly by the passage of
the partlcle through the device.

It might, at first, seem best to employ the measurements from the particle
sensors on CLEMENTINE I directly to determine the radiation environment.
This is not practical for several reasons: (1) the CLEMENTINE I spacecraft
sensors can directly measure only electrons and protons at low energies missing
much of the integral flux because they do not measure all of the highest energy
* particles or any of the heavy ion component; (2) the trans-stage carries no
experiments which can directly measure the particle flux; and (3) a majority of
the CLEMENTINE radiation sensors provide integral measurements which can
not distinguish between particle charge and energy making it difficult to
extrapolate these measurements to arbitrary device configurations.

In order to describe, quantitatively, the heavy ion environment in near
Earth space, it is necessary to model the GCR and SEP components separately.
Scientific research in cosmic ray physics over the past 30 years has established,
accurately, relative abundances and energy spectra for most of the elements. A
galactic cosmic ray model can take full advantage of this accumulated
knowledge and use contemporary measurements most efficiently to accurately
define the cosmic ray intensities over the energy ranges where temporal
variations are large and not easily predicted in detail. A description of GCR
based upon the well-established physical principles of interstellar propagation
and solar modulation that control and determine the time- and energy-
dependent GCR intensity at earth is possible. Such a model would incorporate
observations obtained over the past two decades of space research. For the SEP




component, it is necessary to define the occurrence of the flares, the peak flux,
total fluence, composition characteristics, and the form of the energy spectrum.
We have developed such models, with reference to the data from the
CRRES/SPACERAD mission.

The current effort at LSU provides LLNL with estimates of the radiation
environment in the vicinity of Earth during 1994 from the CHIME model
recently developed for the CRRES/SPACERAD mission (Chenette et al., 1994).
This model uses current physical theory of energetic parude mterstellar
transport and solar moedulation to predzct galactic cosmic ray (GCR) and
anomalous component (AC) heavy ion spectra for a particular time period,
incorporates the characteristics of most Solar Energetic Particle (SEP) events seen
by the CRRES/SPACERAD mission, calculates the geomagnetic transmission of
these particles for particular orbits and provides a mechanism for calculating the
Linear Energy Transfer (LET) spectra from these inputs. These LET spectra can

then be used, with appropnate device models, to determine the expected single
event upset rate.

This final report on our effort describes the initial assumptions and context
of our study as well as presenting the final results. A general discussion of the
GCR, AC and SEP radiation encountered in interplanetary space is provided in

section I This is followed in section II with a description of the CHIME model, . .

its functionality and physical basis. Finally, in-section IV particle energy spectra
and LET results are presented for both the CLEMENTINE I spacecraft and the
trans-stage environment.

II. THE ENERGETIC PARTICLES

The heavy ion radiation environment encountered in near-Earth space
consists of four major components: (a) galactic cosmic rays (GCR), (b) . ,
anomalous component (AC), (c) solar energetic particles (SEP), and (d) trapped
magnetospheric particles. The first three of these arrive at the Earth from ,
outside our immediate geospace environment and are termed."interplanetary”
while the last resides within the Earth's magnetosphere, and is termed. a "local"
component. The interplanetary particles encompass a wide range in both energy
(E > 500 keV) and charge (1 £ Z < 92). .Some of these particles penetrate the

Earth's magnetic field and form part of the radiation environment in which
spacecraft must operate.

In this investigation only the "interplanetary” components for the
CLEMENTINE I spacecraft and their transmission to the transstage orbit were

studied. The general characteristics of this interplanetary component are
described below.




A. Galactic Cosmic Rays

For the past several decades the composition and energy spectrum of
Galactic Cosmic Ray (GCR) nuclei have been measured by a number of satellite
experiments, and there is a wealth of previous measurements which can be
used as a baseline. It is now known, for example, that the GCR are an extra -
solar system matter sample which contain all naturailly occurring elements. The
relative elemental composition of the GCR is shown in Figure 1 for H to Ni as
the filled circles and is compared to that of “solar system" material as the. open
cdrcles. The composition of most "primary" species (C, O, Ne, Mg, Si, S, Ar, Fe,
Ni) show very good agreement, but some elements which are very rare in "solar
system" matter (Li-B, Sc-Mn) are enhanced in the GCR by many orders of
magnitude. This is an effect of the propagation of GCR nuclei through
interstellar space where heavier nuclei (C,O, Fe) interact with interstellar H and
He to fragment and produce lighter, "secondary™ species. For elements heavier
than Ni measurements are still rather poor, but general agreement with "solar
system” composition is indicated up to Z = 60 while still heavier species appear
to require additional r-processed material in the sources.

The measured energy spectra of GCR H, He, C and Fe are shown in Figure
2. These data are only part of the current GCR baseline database which contains
close to 1000 data points from more than 50 literature references and covers the
most important elemental ratios and spectra. The data show that at high energy
(i.e. > 10 GeV /nucleon) the spectral shape is a power law with an index of about
-2.7. At lower energy (< 2 GeV/nucleon) the spectra turn over due to the rigidity
and adiabatic deceleration effects as cosmic rays diffuse inward against the out-
flowing solar wind from local interstellar space to the orbit of Earth (i.e. solar
modulation). This turn-over causes the peak cosmic ray flux to occur at an
energy between 400 MeV/nudeon and 600 MeV/nucleon. The exception to this
are species which have an additional Anomalous Component (see section I1.B)
which cause the energy spectrum to flatten or turn-up for energy below about
100 MeV /nucleon as shown for He in Figure 2.

The GCR flux in the local interstellar space (LIS) is expected to be stable
over time scales of millions of years, but due to the influence of solar
modulation time variations on the order of weeks can be seen at the orbit of
Earth. In Figure 3 the monthly average of measurements from the Climax
neutron monitor from 1953 to 1993 are shown. A neutron monitor is sensitive
to neutrons produced in the atmosphere by high energy (= 2 GeV) cosmic ray
protons and clearly shows the periodic variations of the solar cycle. During solar
minimum conditions (<1954, 1965, 1975, and 1987) the GCR flux is enhanced
increasing the neutron rate observed on the surface of Earth. During solar
maximum periods (<1958, 1970, 1982, and 1991) the cosmic ray flux is repressed.
The time period between successive maxima or minima is roughly 11 years and
a complete solar cycle, including solar magnetic field polarity reversal, covers
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Figure 2: Compiled measurements of the diiferentizl energy spectrum for

Cosmic Ray H, He, C and Fe made near Earth, mostly during solar
minimum conditions. At high energies, the spectral shape is a power
law with an index of about -2.7. For energies below ~2000 MeV/
nucleon solar modulation causes the specira to turn over giving the
peak cosmic ray flux at 400-600 MeV/nucieon. The flattening in the
He spectrum below 100 MeV /nucleon is due to the addition of the
Anomalous Component.




~ about 22 years. Note that during 1992 and 1993 the neutron monjtor rate began a
recovery to solar minimum conditions and this trend is expected to continue
through 1994. Further if the 22 year cycle indicated in Figure 3 is continued,

then we may expect an extended solar minimum period similar to that during
1973 -1979.

The solar cycle variation is still not understood in the detail necessary to
reliably predict future trends. However, it is clear that a reasonable model of the
cyde is necessary to accurately predict the GCR flux, and subsequent LET spectra
and SEU rates, for a particular period of time. An empirical model, which is
based upon in-situ measurements and a study of the long term solar cyde
variation, is used in this'investigation and is discussed in the next section. Such
a model can be updated as new measurements become available. -
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Figure 3:

B. Anomalous Component

An anomalous component to the observed cosmic ray spectrum has been
reported for the elements helium, carbon, nitrogen, oxygen, neon, and argon.
All six of these elements have high first ionization potentials and are present in
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the interstellar medium as neutral atomic matter. Anomalous component

cosmic rays are widely believed to originate as neutral atoms in interstellar

space, which drift into the inner solar system and are subsequently photoionized

by solar UV radiation and swept back outward by the solar wind. Acceleration at
; the shock boundary of the heliosphere produces a local "interstellar" spectrum,
which is then modulated in the heliosphere as the energetic particles move back
toward Earth. The energies consistent with acceleration at the heliospheric
shock boundary are low, and the AC local interstellar spectra are consequently
very steep, essentially vanishing at energies above about 1 GeV/nucleon.

The characteristics of the AC as illustrated by measurements made at
widely spaced locations in the heliosphere are shown in the six panels of Figure
4 which are taken from the recent review of low-energy cosmic rays by Biswas
et al. (1993). At energies above about 100 MeV/nucleon the GCR always
dominate the flux, but below this energy species such as He (panel b), with
relatively high first ionization potential show a dramatic increase in flux due to

. the anomalous component. In some cases, the AC flux exceeds the GCR
maximum level by several orders of magnitude. In addition, measurements by
spacecraft in the outer reaches of the heliosphere show that the AC has an
increased presence. Conversely, species with low first ionization potential (H in
panel a) show a decrease in flux with decreasing energy indicating little or no
contribution from the anomalous component. ‘
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Figure 4c-f: Low energy cosmic ray measurements at solar minimum, and at -
various locations in the heliosphere, for: (¢) C, Nand O at 1 A.U,, {(d)
O at1and 15 A.U. (e) Ne and Ar at 1 A.U., and (f) Mg, Si, S and Fe.




For heavier elements, there are anomalous components for O and N
(Figure 4c,d) and for Ne and Ar (figure 4e). The other heavy elements, e.g. Mg,
Si, S and Fe in figure 4f show no low energy enhancement, i.e. no anomalous
component. The element C (figure 4c) shows some evidence for a low energy
turn-up but this is orders of magnitude less significant than the oxygen, even

though C and O are about equally abundant above 100 MeV/nucleon in the GCR
component. ' :

The low energy of the AC cosmic rays accounts for their near absence from -
measured cosmic ray fluxes during periods of high solar modulation. In fact the
AC level tracks the level of solar modulation as shown in Figure 5 where low
energy (8 - 27 MeV/nucleon) anomalous Oxygen measured near Earth (data
points) from 1972 to 1988 is compared with the scaled value of the Mt.

Washington neutron monitor rate (solid line). Little AC Oxygen is seen during
the solar maximum of 1980 to 1984, but is clearly present during solar
minimum. With the return to-solar minimum during 1994, it is expected that
the heavy ion anomalous component flux will also be present.

Since the AC species are ionized by solar UV, one expects the AC cosmic
rays to be singly charged. Relative to an equivalent velocity GCR, the AC is,
therefore, much more rigid (R = p/Z) and consequently has a much higher
transmission through the Earth's magnetic field. Thus, these low energy heavy
ions could make a significant contribution to the SEU rate in unshielded
electronic components even deep within the geomagnetosphere.
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Figure 5: Low energy (8-27 MeV/nucleon) Anomalous Oxygen measured near
Earth (data points) from 1972 to 1988 compared with the scaled value
of the Mt. Washington neutron monitor rate (solid line).




C. Solar Energetic Particles

Anytime during the solar cycle, though more often during periods of solar
maximum, solar flare eruptions can generate conditions which accelerate ions
in regions connected to the interplanetary magnetic field, allowing energetic
particles to escape the vicinity of the sun and, subsequently, to be observed near
Earth as Solar Energetic Particle (SEP) events. While the GCR are a continuous,
highly penetrating background radiation, SEP events are usually of short
duration but with, at times, very intense fluxes and, occasionally, significant
amounts of heavy ions. The variations of SEP energy spectra, heavy ion
content, duration and occurrence make it very difficult to predict trends and to
reliably determine the contribution of SEP's to a LET spectrum for a given time
period in the future. The current model used in this study incorporates
observations made by the CRRES/SPACERAD experiments during the last solar
maximum period (1991), supplemental observations from the GOES and IMP-8
satellites, both essentially in interplanetary space, and a proton fluence model
by Feynman et al. (1993). '

The energy spectrum of a SEP can vary across a broad range of forms, but, in
many cases, a power law fit can represent the SEP energy spectrum very well
(Guzik, 1988) in the high energy region. For example, Figure 6 shows the energy
spectrum of protons and Helium for a typical event (panel A) and a very large
event (panel B) which occurred during the solar maximum period-of 1991. In
this figure the proton measurements (solid circles) are from the GOES satellite,
the Helium data (open squares) were measured by the ONR-604 instrument on

" the CRRES satellite (Chen et al., 1994), and the solid curves are power law fits to
these data. Notice that in both cases the Helium spectrum is steeper than the
proton spectrum, and of the 26 events observed by CRRES and GOES during = . .
1991, this is generally the case. The SEP events usually last only a short period of
time (days), but can greatly exceed the GCR flux up to energies of several |
hundred MeV/nucleon. For comparison with Figure 6, the peak of the GCR
Hydrogen flux from Figure 2 would be 2x10~ (cm? sr s MeV)-1 at about 400 MeV,

while that for Helium would be 3x10-3 (cm? sr s MeV/nucleon)-! at about 300
MeV/nucleon.

Selective heating by wave-particle interactions in the flare plasma can
produce significant enhancements of heavy ions in particular SEP events
- (Reames, Meyer, and von Rosenvinge, 1994 and reviews by Ramaty et al., 1980;
Kocharov & Kocharov, 1984; Melrose, 1990).. An example is shown in Figure 7
from the work of Dietrich and Simpson (1978) for the 24 Sept. 1977 flare. Here
the relative enhancement of SEP even-Z elemental abundances over “"solar
system" composition versus the charge of the element measured is shown. For
this SEP event, Fe was enhanced by a factor of 20. Referring back to Figure 1, this
enhancement means that Fe would be as abundant as O in this energetic particle
population. Thus, the LET spectrum for such "Heavy Ion Rich" events would
show an enhanced flux at high LET. Conversely, the steep energy spectrum of

10
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SEP events means that this high LET component can be significantly reduced by
relatively light shielding, as discussed in subsequent sections. '

The number of SEP events follows, as one might expect, the solar cycle. In
Figure 8 the mean monthly sunspot number from the Solar-Geophysical Data

reports over the time period 1950 to 1993 is.plotted as the solid line. The solar = - -

cycle is clearly seen with maximum peaks at 1958, 1968, 1979 and 1989. Also
shown in the figure, as the dashed line, is the yearly number of SEP events, for -
protons > 10 MeV, observed by instruments on the GOES and IMP-8 spacecraft
from 1976 to 1993. Due to instrument detection efficiendies, the dashed line does
not represent the total number of SEP events occurring during this time period.

It does, however, approximate the number of events encountered by a particular
interplanetary spacecraft.

The observed number of SEP events follows the sunspot number, though it
does appear that the peak event number lags the reak sunspot number by a
couple of years. The total proton fluence from SEP events as a function of time
is shown in Figure 9 for the years 1956 to 1993. Prior to 1976 the fluence is
determined from the Feynman et al. (1993) model, and after 1976 it is
determined from the GOES/IMP-8 observations. Notice that the total fluence
can remain high (or even increase) for several years following the sunspot

12
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maximum. Such trends need to be taken into account when attempting to

predict the number and intensities of SEP events during the CLEMENTINE I
mission.

IoI. THE CHIME ENERGETIC PARTICLE MODEL
A. Scope and Functionality - - -

The major components of the CRRES/SPACERAD Heavy Ion Model of the
Environment (CHIME) used in this study are indicated in Figure 10. The model
covers the energy range from 10 MeV/nudeon to 60 GeV/nudeon for all stable
elements, and includes the known major sources of heavy ions in the near-
Earth interplanetary medium over this energy range; galactic cosmic rays, the
anomalous component, and SEP heavy ions. This new model addresses the
following major objectives and improvements to the existing state-of-the-art:

1. provides an accurate representation of the heavy ion flux environment and
its temporal variations near Earth as measured over the past two solar
activity cycles,

2. provides a physically - based method to extrapolate this environment into

the future which also can be adapted based on future knowledge of the solar
activity cycle,

3. improves the calculation of the geomagnetic cutoff and shielding effects, and

4. packages these elements together in a form whlch is easy to use by the space
radiation effects community.

A new and distinguishing feature of the CHIME model is that the
fundamental particle energy spectra used in the calculation are based upon
current astrophysical knowledge of cosmic ray origin and transport through
interstellar space and the heliosphere rather than on a collection of empirical
fits. This knowledge, in turn, is based upon decades of research and over thirty
years of direct satellite measurements. The advantage of this approach is that it
provides a complete representation of the radiation environment that is in
agreement with available measurements and which provides details that are the
consequence of the theory but which may not yet be accurately measured.

A primary input to the CHIME model is the Local Interstellar Spectrum
(LIS) of GCR which is obtained from a physical model of cosmic ray interstellar
propagation using current astrophysical knowledge of the cosmic ray source.
These LIS are "modulated" using, again, a physical model of the energetic
particle transport through the heliosphere to obtain predicted spectra at the orbit
of the Earth. By comparing measurements with the predictions, we were able to
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. Figure 10: Flow chart of the Cosmic Ray Model developed for the CRRES/
SPACERAD mission and used in evaluating the CLEME\ITINE
radiation environment.

"calibrate” the GCR and AC LIS along with the level of solar modulation (¢) as a
function of time. A database of GCR and AC spectra as a function of Z, E, and ¢,

and SEP characteristics, then, form the base of the CHIME model. The model -~ °

user can select from this database for a.particular time period and solar flare
conditions to form the predicted interplanetary radiation environment. The
particle flux spectra can then be modified by a geomagnetic field transmission
calculation to obtain spectra for a particular orbit. Either the spectra at the orbit
or the interplanetary spectra can be fed directly into LGALSOL which calculates
the Linear Energy Transfer (LET) spectrum. Finally, the LET spectrum, along
with an appropriate device description, can be used to predict single event upset

rates. This latter component of the CHIME model was not used during the
present study. '

The original motivation for the CHIME model was to provide the most
faithful possible description of the intensities of energetic heavy ions and their
variations near Earth (outside the radiation belts), and to describe the specific
heavy ion environment during the period of the CRRES mission (Chen et al,,
1994a,b) by using the heavy ion flux measurements made by instruments of the
CRRES payload (Gussenthoven, Mullen and Sagalyn, 1985). It was quickly
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recognized that the best application of the CRRES payload flux measurements
would be to use them to establish the parameters of a suitable time- and energy-
dependent model which accurately descaribes the effects of solar activity on a
fixed source. The knowledge accumulated over the past three decades or more
of cosmic ray physics, which has very accurately determined the relative
‘abundances and energy spectra of the elements, can be incorporated into the
_model in this way. Contemporary measurements establish the epoch which is
associated with a spedific level of solar activity.

" B. The Physical Basis of CHIME
1. The Local Interstellar Particle Spectrum
The primary input to the CHIME model is the local interstellar spectra (LIS)
of the energetic particles and these are calculated once, taking into account
current knowledge of cosmic ray astrophysics. Figure 11 provides a simplified

illustration of the physical processes used in the LIS calculation. At the GCR
source, a mixture of material is accelerated to high energies and begins dlffusmg

From Source ——p FEarth

the "rough" life of a Cosmic Ray

Adiabatic
Deceleration,

Convection, \ < <
. Sun ‘1 t
. Dif fusion, <———Escape,Spalloticn ._._.;
%\ < Energy LOSS e ¢ Source
Earth Orbit —<

<
«

<.

«

~50 A.U.

Solar Modulation —*<— Galactic Progagoiion-‘{*—Acce!eroﬁon

Figure 11: Schematic drawing of the transport of cosmic ray particles from the
"source" to the orbit of Earth whzre they are observed.

throughout the galaxy. During this "interstallar Dropaaation" the high energy
parucles can interact with the interstellar madium and spallate to hOhter
fragments, radioactive spedes can decay, and all spedes can lose energy or escape
from the boundaries of the galaxy. Once nezr the heliosphere boundary (shown
in the figure at ~50 A.U.), the GCR and locally accelerated AC particles diffuse
inward toward the orbit of Earth encountering convection due to the outflowing
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solar wind and undergoing adiabatic deceleration. A more detailed description
of these processes are provided in the following sections along with the LIS
derived for the GCR and AC.

a. Galactic Cosmic Ray Interstellar Propagation

The galactic cosmic ray LIS was calculated using a computer program that is
based upon the weighted-slab GCR interstellar propagation technique (Fichtel
and Reames, 1968) and which is fully described in Garcia-Munoz et al. (1987). In "~
essence, this technique starts with a set of relative abundances of elements and
isotopes at the GCR source, assumes a common source energy spectrum, as well
as a particular interstellar medium (ISM) composiﬁon and density, and then
calculates new abundances and spectra for a series of discrete ISM slabs of matter.
The source characteristics used for the slab calculations are prov1ded in Table 1.
This calculation includes the effects of production and loss of species via nuclear

interaction, radioactive decay (B*, B~, and K capture), electron capture and loss,
and ionization energy loss. These "slab results” are then integrated over an
assumed pathlength distribution (PLD) to obtain the LIS.

- One might note at this point that the "Slab Calculations" involve only
atomic and nuclear effects which car, in principal, be measured in the .
laboratory, while the PLD involves the astrophysical details of GCR interstellar

propagation and must be either theoretically derived or obtained from the. GCR .~ .-

data. Thus, obtaining a good representation of the Galactic Cosrmc‘Rays is’
actually a multi-parameter problem, and it is important to use laboratory .
measurements, GCR data and other astrophysical information to constrain as -

_ many of these parameters as possible. In particular, we use a database of cosmic
‘ray spectra and composition ratio measurements obtained from the pubhshed

literature to prov1de part of these constraints, An example of this database was
shown earlier in Figure 2, which plotted the energy spectra measurements
available for the "primary" species H, He, C and Fe. The relative abundance of
“primaries” in the measured GCR is dominated by their abundance at the source
and is not significantly affected by the “secondary” component generated by the
nuclear fragmentation of heavier species. Therefore, primary species reflect.
conditions at the cosmic ray source rather than conditions during GCR
propagation.

Pure secondary species, which have a negligible source component, are
very sensitive to the exact form-of the PLD. In tact by requiring multiple
secondary to primary ratios w1de1y separated in charo'e to be fit 51multaneously,
the details of the PLD parameter in the GCR Model can be constrained. Figure
12 shows measurements from the GCR database for the B/C secondary to
primary ratio (top) as well as the collection of data for the ratio Sub-Fe/Fe
(bottom) where the "Sub-Fe" group includes the elements Sc, Ti, V, Cr and Mn.
Due to the details of the nuclear interactions which occur during interstellar
propagation, these two ratios constrain different portions of the PLD. 4
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TABLE 1: Characteristics of the GCR Interstellar Transport Calculation

Source Energy Spectrum: J « (P+0.5)-2-3
Interstellar Material Composition: 93.7% Hydrogen, 6.3% Helium
Interstellar Material Density: 0.2 atoms / cm3

Isotope Abundance Isotope Abundance Isotope Abundance
13 1.96160E+09 2y 0.00000E+00 3He 0.00000E+00
4He 1.60800E+08 6Li 0.00000E+00 i 0.00000E+00
Be 0.00000E+00 9Be 0.00000E+00 10Be 0.00000E+00

- 10g 0.00000E+00 11 0.00000E-+00 12¢c 4.05570E+06
3¢ 4.54240E+04 14N 1.89240E+05 I5SN 7.59902E+02
160 5.11800E+06 170 . 2.05200E+03 180 1.02600E+04
9 - 0.00000E+00 20Ne 4.31400E+05 21Ne 1.21000E+03
22Ne 1.72400E+05 23Na 3.58900E+04 24Mg 8.58350E+05

25Mg 1.09870E+05 26Mg 1.21390E+05 26A1 0.00000E+00
21A1 8.64000E+04 28gi 9.01000E+05 29si 5.40000E+04

3053 4.50000E+04 31p 8.25000E+03 323 1.19710E+05
333 9.57781E+02 34g 5.31945E+03 368 © 1.26011E+01
35¢1 0.00000E+00 361 - 0.00000E+00 37¢y 0.00000E+Q0
36Ar 1.51374E+04 37Ar 0.00000E+00 38Ar 2.82659E+03
40Ar 3.59966E+01 9K 0.00000E+00 40K 0.00000E+00
41 - 0.00000E+00 40Cg 4.94536E+04 HCa 0.00000E+00
42C0a . 3.26321E+02 . 430y 7.39254E+01 4Ca 1.05009E+03
46C; - -1.68215E+00 43Ca 9.43535E+01 45Sc 2.93100E+01
44T 0.00000E+00 4617 0.00000E+00 47113 0.00000E+00
48Ty 0.0C000E+00 4973 0.00000E+00 013 0.00000E+00
49y 0.00000E+00 50y 4.30400E-01 51y 2.39700E+02
SOCr 2.64920E+02 Sicr 0.00000E+00 520 5.15570E+03
53Cr 5.91500E+02 4cr 1.47850E+02 53Mn 0.00000E+00

S4Mn 0.00000E+00 55Mn 0.00000E+00 $4Fe 6.26400E+04
SSFe 0.00000E+00 56Fe 9.90000E+05 57Fe 2.04568E+04
S8Fe 2.78986E+03 60Fe 0.00000E+00 57Co 0.00000E+00
59Co 2.17600E+03 S6Ni 0.00000E+00 58N 0 3.46269E+04.
59Ni - 0.00000E+00 60N 1.33646E+04 61N 6.11900E+02
62N ‘1.88669E+03 64N 5.09917E+02

~ Relative Abundances Used for GCR Source Corﬁp@sition
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Figure 12: Measurements of the secondary to primary ratios B/C (top) and
(Sc+Ti+V+Cr+Mn) /Fe (bottom) compared with the results of
interstellar transport and solar modulation calculations.
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Since the Iron group species have a larger total nuclear interaction cross section,
and hence a shorter mean interaction length, than the Carbon group nuclei, the
iron secondaries will be more sensitive to the short pathlength characteristics of
the PLD. Correspondingly, the B/C will be sensitive to the longer pathlengths.

_ The resulting PLD is an exponential distribution of pathlengths with a
characteristic Xo, shown as the solid curve of Figure 13, along with requiring that
~ all cosmic rays pass through at least X (dashed curve) amount of material. This
PLD provides a reasonably good fit to the B/C and Sub-Fe/Fe measurements as
shown by the solid curves in Figure 12. Such a PLD may be consistent with
propagation models which involve a "galactic wind" that flows outward from
the galactic plane in a fashion similar to the solar wind which flows outward
from the Sun (Garcia-Munoz et al., 1987).

The LIS spectra resulting from these propagation calculations are shown as
the short dashed curves in Figure 14 for each element from H to Ni. These
spectra need to be calculated only once since the variations in the GCR radiation
environment are expected to be caused by "local”, solar modulation effects. For
comparison measurements from the GCR Database are shown in the Figure
. along with the energy spectra near the orbit of Earth (1 A.U.) for solar minimum
(solid curve) and solar maximum (dashed curve) conditions. The GCR Database
was initially developed in the early 1980's and a majority of the measurements
available then were made during the extended solar minimum period of 1972-
1978. Since then relatively few, new missions have been flown and the statistics
collected during the current solar cycle have been hampered by the two
relatively deep solar maxima bracketing a rather narrow solar minimum period
(c.f. Figure 3). Thus, we would expect that the solar minimum curve would fit
- these data and this is indeed the case. The exceptions are elements for which
only the Engelmann et al. (1990) measurements are available. These data were
taken during 1979-1980 when solar modulation was increasing (c.f. Figure 3)
and, consequently, a good fit would require a modulation level between
minimum and maximum.

The difference between the solar minimum and solar maximum energy
spectra below 1 GeV/nucleon is quite large and for some elements this
difference exceeds an order of magnitude at 10 MeV /nucleon. Carefully
accounting for the solar modulation effect is therefore important in accurately
determining the interplanetary radiation environment. The CHIME model
includes a series of spectra over a grid of solar modulation levels. The

appropriate spectra are chosen based upon a "calibration” of the modulation
level versus time.
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Figure 14: Differential energy spectra for the elementis H, He, Be and B (see text
for details).
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Figure 14 (cont): Differential energy spectra for the elements Fe, Co and Ni (see
text for details).
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b. The Anomalous Component

For our present work, it was decided to develop AC local interstellar spectra
only for helium, nitrogen, oxygen, and neon. The observed AC fluxes for
carbon and especially argon are quite low, and the inclusion of anomalous
components of these species would not be significant. The AC contribution is
more significant for the remaining four elements, and in particular, it is
“important to include the AC helium in the analysis of the solar modulation
level as a function of time, as described in the next section. For each of the four
elements included, the model AC spectrum contains only the primary isotope
(i-e., 4He, 14N, 160, and 20Ne). Contributions from other isotopes would be very
small compared to the primary isotope, and considering that the AC flux itself is
comparatively small except at the lowest energies, the added refinement of
attempting to model the isotopic composition is not warranted at this stage.

The helium and oxygen lgcal interstellar spectra were derived at the
University of Chicago, by demodulation of measured data (Garcia-Munoz,
private communication) and have been adopted for this analysis. The LIS for
nitrogen and neon were obtained by renormalizing the oxygen spectrum, with
the normalization factor chosen to yield the best fit obtainable to.a variety of
measured AC datasets corresponding to different levels of modulation and
different locations in the heliosphere. It was possible to obtain reasonable fits.to
the datasets for these three elements at energies above about 10 MeV/nucleon
using just a single spectral shape, that of the demodulated oxygen spectrum.
Measurements from IMP-8 at 1 AU, the Voyager spacecraft at 2 and at 21 AU,
and Pioneer 10 at 16 AU were used in fitting the AC spectra.

Figure 15 shows the Local Interstellar Spectra (LIS) that have been adopted
for the four anomalous elements that have been studied.- The LIS are cut-off at 5
MeV /nucleon, but the N, O and Ne would be expected to turn-over, like the He,
at lower energies. Modeling this turnover has not been possible within the
available data. Figures 16 and 17 show the results of our predictions, using the
spectra of Figure 15 as input. The LIS were modulated to the time interval and
the location in the heliosphere of the spacecraft from which the data were
reported. The agreement between the predictions (solid lines) and the data
points is reasonably good except for Voyager Il results from 1985-86 at 21 AU for
"N (Figure 17 B) and O (Figure 16 D) below 10 MeV/nucleon. The equivalent
" data for anomalous Ne, however, is in good agreement with the predictions.
- Whether this indicates a problem with the N and O data during 1985-86 or with
the predictions is unknown. The agreement for E>10 MeV/nucleon is,
however, good enough for the purposes of the present study.

Note that the AC is singly charged and has, therefore, a higher rigidity than
a Galactic Cosmic Ray (GCR) ion of the same energy. In order to combine the
AC spectra with the GCR spectra, a routine was written to generate a binary file
that mirmics the output of the GCR propagation calculation. The solar

30




T o araTg T T TTiTH] LR EREL] BB RRLE
1O+05 Anomalous Local Interstellar Spectra
|
T~ 1O+03
o
8 10+02
pommad
g 10+01
5 00
10*
>
= 107%
2 jo-02
7
-03
o 10
\E/ 10794
<
f s |
s 10—-08
10—08 s 3 v sud o3 enl 1 gl L 1\1113
10° 101 102 10% 104

Kinetic Energy (MeV /Nucleon)

Figure 15: The Anomalous Component local interstellar specira for He, N, O
and Ne used in the Model. The Helium and Oxygen spectra were

both derived by demodulating anomalous component

measurements, while the LIS for N and Ne were obtained by scaling

the Oxygen spectra.

31

umxum,.ummmuumnmwwmwwwmdwu




(A

+00 )
10 LI L) llllll LR R LA ¢ [ S 1 l'rr"‘ LR RELLY'S LN § llll‘l] ¥ LR AR AL LML ] ln"l LR R R
L T T T 3
I ot 4 -+ o4
i (A) (B) t (C) T 1
3 + + T .
'I‘ . 4 + od. i
0 .
-01 )9 e . i -
0 107k ¥ ¥ £ -
B I I 1 .
3 b g 4 ot
Z. ) T T T i
\ }e 4 e . 5 ]
~
v -2
DR e o ¥ g £ E
” " € I + :
9 I 1 X 1 ]
n i 1 1 T ]
NE ] 1 1 1 j
£ |
v 10°%E =+ 2% o4 3
5 C  Anomalous Oxygen: I Anomalous Oxygen: T Anomaious Oxygen: 1. Anomalous Oxygen: 3
= - T . T+ T 7
o o+ R EN P
e - p-8; <+ Yoyagerl &1l + Ploncer 10 -+ Voysger i L
L 1 au, 1077 4 240, 0/m1-2/78 4 1540, 1/m7-3/78 4 21 AU, 10/65-8/68 1
. Phi = 500 NV 1 Phi=S13KY 1. Phi= 6O MY 1 Phi= 003 KV N
lO~N oaatanl s o vaunbo gt o rent oo aann n_annnanl__n_n_aannm
10° 10! 10! 10! 10! 10%

Kinetic Energy (MeV/Nucleon)

Figure 16: Anomalous Oxygen measurements (filled circles) made at different times and at different locations in the
heliosphere compared to the GCR Model calculations (solid lines). From left to right the measurements
were made by IMP-8 at 1 A.U. during 1977, by Voyager I & II at 2 A.U. during 9/1977 - 2/1978, by Pioneer 10
at 15 A.U. during 1/1977 - 3/1978, and by Voyager II at 21 A,U. during 10/1985 - 8/1986. Each calculated
spectrum used the same LIS, but with heliospheric radii and solar modulation level (¢) appropriate to the

’

given data,
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| modulation program accepts this file, modulates the elements with a charge of
+1, then outputs the spectra on the same energy grid as the GCR spectra. The
modulated AC spectra can then be added point-by-point to the GCR spectra, if
desired. It is important to note that the AC must be modulated separately from
the GCR component, because of its singly-charged ionization state.

2. Solar Modulation

It is well known (see reviews by Jokipii 1971, Fisk 1979, McKibben, 1986)
that at energies below a few GeV per nucleon the intensity and the spectral
shape of the cosmic rays arriving at the orbit of Earth are significantly modified
by solar modulation. The cosmic rays diffuse into the heliosphere against the
outward-flowing solar wind, carrying frozen-in interplanetary magnetic field,
which convects the cosmic rays out of the heliosphere. In this process, the
cosmic rays lose energy to the expanding field (adiabatic deceleration), and their
energy spectrum is modified. -

A spherically symmetric model of solar modulation has been developed
(Parker 1965; Jokipii 1971; Urch and Gleeson 1972; Fisk 1979) which explains .
most of the gross features of the modulation process. This model includes the
effects of diffusion, convection, and adiabatic deceleration (but not drifts due to
the gradient and curvature of the magnetic field) and assumes that these three
physical processes are in equilibrium in the heliosphere. Quantitatively these
effects are represented by a Fokker-Planck equation in which the parameters are
the solar wind velocity, the diffusion coefficient and the radius of the
heliosphere, with the cosmic-ray differential energy spectrum in local
interstellar space as a boundary condition. - -

Evenson et al. (1983) (see also, Garcia-Munoz et al., 1986), solving this:
equation numerically, have analyzed the simultaneous modulation of
electrons, protons, and helium nuclei over the 1965-1979 period involving more
than one solar cycle. They find that in general the model fits the data quite well.
In this model, the degree of modulation at a heliospheric radius r is given by the
modulation parameter

. |
o(n=4%[ ¥Rdr, (1)

where V(r') is the solar wind velocity, K(r') is the radial part of the diffusion
coefficient, and R is the radius of the heliosphere. - An insight into the physical
meaning of ¢ is obtained from the "force-field" approximation (Gleeson and
Axford 1968) in which ® corresponds to a "potential energy,” that in the

particular case in which the diffusion coeffident is proportional to particle
rigidity takes the simple form



&= |zZelo @), )

where Ze is the particle charge. This potential energy has been identified as the
mean energy loss that the particles experience in penetrating the heliosphere to

aradius r. The parameter may be expressed in rigidity or energy units,
connected through,

& (MV) = (A/Z) ® (MeV/nucleon). @

The modulated nucleonic differential energy spectra obtained by the
numerical solution of the Fokker-Planck equation are almost completely

determined by the value of the modulation parameter ¢. Combinations of the

parameters R, r, V(r), and K(r) giving the same value of ¢ will lead to modulated
nucleonic spectra which are very nearly equal to each other (Urch and Gleeson

1972). Therefore, values of the'modulation parameter ¢ can be used to specify
different levels of modulation. '

Our approach to determine ¢ as a function of time is to use the 70 - 95
MeV /nucleon Helium flux measured by the University of Chicago instrument
on-board the IMP-8 spacecraft over the time period 1974 to 1993 as a "standard
litmus” for the modulation level. This low energy Helium is very sensitive to
the exact level of solar modulation, and the raw data, incdluding SEP event rate
spikes, is shown in Figure 18. The underlying solar cycle variation is evident.
However, to obtain an unbiased ¢ estimate, the flare spikes were removed and
the data was re-binned into monthly averages. This "quiet-time" 70-95
MeV/nucleon Helium data is shown in the middle panel of Figure 19. The top
panel of this figure shows the Climax neutron monitor data for the same time

period and these two independent measures of solar modulation track each
other quite well.

Starting with our Local Interstellar Space (LIS) helium spectrum,
modulation calculations were performed as a function of the modulation
parameter. As it is possible that the He measurements might contain
"contamination" from Anomalous Component He, both the GCR and AC He
LIS were modulated using the appropriate charge state and then combined.
These spectra were then integrated between 70 and 95 MeV/nucleon to produce

a flux versus ¢ calibration curve. This is then applied to the measured "quiet-
time" He to derive the ¢ vs time plot shown at the bottom of Figure 19. In this

fashion we can determine ¢ for every month from November 1973 to May 1993.
The uncertainties reflect the errors in the measurement of the 70 - 95
MeV/nucleon Helium and are representative of the level of uncertainty that
exists for a monthly average.
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Figure 18: Daily average flux of 70-95 MeV /nucleon Helium as measured by the
IMP-8 satellite from 1973 to 1993. The solar cycle variation is clearly
seen as the broad, dark band with solar energetic particle (SEP) active
times (sharp spikes) superimposed. Very few SEP events occur
during solar minimum periods, but can occur for several years after
solar maximum. Note that during 1992 and 1993 the quiet time

Helium flux is returning to a solar minimum level. This trend is
expected to continue during 1994.

In order to predict future levels of modulation, the assumption was made
that the modulation level will be periodic, following the 22-year solar cycle. To
avoid predicting exactly the same transient features seen in the ¢-versus-time
plot of Figure 19, the set of monthly average ¢ values from 1973-93 was
smoothed using a Fast Fourier Transform method, and the smoothed set of
values was then translated 22 years into the past and 22 years into the future to
provide estimated monthly average values. The values of ¢ for the interval
- January 1970 through May 1971 are, therefore, assumed to reflect the values
from January 1992 through May 1993. Likewise, ¢ from November 1995 through
December 2010 can be obtained from the corresponding values for November
1973 (when the IMP-8 helium data began) through December 1988. Most of the
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Figure 19: The time variation of solar modulation from 1373 to 1993. The top

panel shows the Climax neutron monitor rate which tracks with the

monthly averaged 70-95 MeV /nucleon IMP-8 Helium, cleaned of
SEP active times, (middle panel). The solar modulation parameter

(6) derived from the Helium flux is shown in the bottom panel. For

solar minimum ¢ is about 450 MV, while for solar maximum ¢ can

be as large as 1500 to 1600 MV.-
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40 year interval 1970-2010 can thus be filled by using the helium-based ¢-versus-
time profile in Figure 19. However, there remain two gaps of identical length,
from June 1971 through October 1973 and from June 1993 through October 1995,
reflecting the fact that the IMP-8 data available at present fall 29 months short of
spanning a full 22-year solar cycle.

As we have shown previously, there is a good correlation between the
modulation level and the Climax (or any other) neutron monitor counting rate,
for which data exist back to the 1950's. Therefore, we used the neutron monitor
for the interval 6/71-10/73 as a guide in filling the remaining gaps. We assume
that the overall qualitative behavior of the neutron monitor and the
modulation will be similar over any time interval not chosen too short. Even
over spans of months, there are changes in neutron monitor rate that are not
immediately mirrored in the helium fluxes, and vice versa. Therefore, the

neutron monitor information was used only as a check to help ensure that the ¢
values estimated to fill the gaps do not fail to reflect any major trends. The
neutron monitor data was smoothed using the same method mentioned
previously, so that just the qualitative trend of the neutron count rate can be .
seen. Monthly values of the modulation level for 6/71-10/73 and 6/93-10/95
were then fitted into the gaps by hand, attempting more or less to reproduce the
trend of the neutron monitor data and avoid any discontinuities in the
modulation level at either end of the gaps.

The resulting total set of monthly average levels of modulation for the
entire interval 1970-2010, with both remaining gaps filled, is shown in Figure 20.
This extrapolation captures well the differences between even - and odd- :
numbered solar cycles which have been attributed to the effects of particle drifts
due to the change in polarity of the solar and interplanetary magnetic field (Kota
and Jokipii, 1983). It predicts, for example, a long period of solar minimum -
conditions, like that of 1973 - 1978, and a relatively broader but less intense
maximum in solar modulation, ‘peaking in 2003.

Figure 20 is now the database used for calculating average values of the
level of modulation over any specified time interval. A user of the CHIME
model may select either a time period or a spedfic solar modulation level to
specify the GCR and AC flux. If a time period is selected, the software computes
the average of the flux over the specified time period, using the monthly values
of the solar modulation parameter.
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Figure 20: The solar modulation parameter, &, ‘used in the GCR Model covering

the period 1970 to 2010. The ¢ derived from the IMP-8 Helium flux is
used for the period 1973 to 1993. Smoothing this data and translating
it 22 years (one complete solar cycle) forward and backward in time
provides a prediction for the extended period. Note that this method
predicts a solar minimum period lasting from ~1995 to 2000.

3. Solar Energetic Particle Events

The CHIME model uses a set of SEP events observed during the CRRES
mission as a sample of the SEP fluence. For a given time period, the total SEP
fluence of all species can be calculated, and added to the GCR fluence, to look at
effects that might be produced in a spedific insirument or microelectronic
device. From the modeling viewpoint, the important parameters of an event
are the proton and helium energy specira, the heavy ion emrichment, if any, and
the total duration of the event. Average properties are determined by using all
of the events that are SEP related. Afterwards corrections are made for the
Galactic Cosmic Ray (GCR) background within the flare period.

Table 2 summarizes the twenty-six evenis which occurred during the
CRRES mission and which have been characterized. For some of the flares early
in the mission, there were data coverage gaps that prevented determination of
some of the identifying parameters. In particular, not all of these smaller SEP's
can be correlated with known flares and may be due to non-flare Coronal Mass
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TABLE 2.

SEP Events During the CRRES Mission

Event  Peak Start Peak End Pcak He Assoc. Flare Imp. Location Region
Number Orbit (Day) (Day) (Day) (cnt/orb)(Day/UT) X-ray/H, Number
1 ~ 207.7/90 208.0  209.5/90 - - - - -

2 - 213.0/90 213.8 214.9/90 - Jul30/0736 M4/2B N20E45 6180
3 218 296.5/90 296.7 297.6/90 43 - - = -

4 451 26.0/91 27.2  29.3/91 201 Jan25/0630 X10/SF S16E78 6471
5 462 31.3 31.7 324 481 Jan31[0230 X1/2B S1TW35 6469
6 481 39.3 39.6 39.9 53 Feb07/1502 M8/1F 510W36 6471
7 522 56.4 56.5 57.6 235 Feb25/0819. X1/2N S16W380 6497
8 548 66.4 66.9 67.2 12 Mar07/0748 X5/3B S20E66 6538
9 562 72.0 .7 73.0 39 Marl12/1250 X1/2B SO?ESQ. 6545
10 587 82.1 83.1 84.6 9026 Mear22/2247 X9/3B S26E28 6555
11 593 84.6 85.4 87.6 - 3234  Mar25/0818 X5/3B  S24W13 6555
12 613 23.0 93.6 ©94.5 60 Apr02/2327 M6/3B  N14WO00- 6562
13 655 110.5 110.8 111.2 75 Apr20/0852 X1/3N NOBWS0 6583
14 684 122.1 122.6 123.1 46 - = = -~

15 704 130.7 130.9 131.7 8 - = = = =

16 710 133.1 133.4 135.0 = 517 Mayl13/0144 M8 /- S09W90 6615
17 730 139.0 141.5 142.9 63 May18/0546 X2/2B N32W85 6619
18 756 151.2 152.2 153.0 91 May30/0938 AM8/1B NOTE30 6654
19 774 153.0 159.6 162.1 23404  Jun04/03352°  X12/3B N30E70 6659
20 781 162.1  162.6  165.5 13236  Junl1/0209 X12/3B N31W17 6659
21 791 166.3 166.7 173.6 10101 Jun15/0821 . X12/3B N33WE9 6659
22 829 179.5 183.0 188.3 1648 Jun28/0626 M6/~ N30E85 6703
23 843 188.4  189.1  190.3 ' 370 3ul07/0223 X1/2B N26E03 6703
24 942 231.1 231.5 231.9 43 = = = =

25 961 238.7 239.7 241.4 156 Aug25/0115 X2/2B N25E64 6810
26 1040 273.0 273.7 276.3 212 Sep29/1533 M7/4B S21E32

6853

= Event 19 may associate three solar flares peaked at Ju
(X12/3B, N30E70), and Jun6/0112 (X12/4B, N33E44} iz the same

(1991).

al/

aa)

1529 (X127}

. N25E90), Jun4/0352
OAA region 6639. The




Ejections. Even if there is some coverage outage, the existing cata can still be
studied to give, at least, limits on the parameters. In some cases, it is necessary
to sum several small events to fit an energy spectrum. In these cases it is

assumed that the resulting spectrum applies to each of the events within the
sum.

The helium energy spectrum is fit to a P°Wer law

d
S = AE/ET @

with E, = 66 MeV/nucleon and A the amplitude and ¥y the spectral index. The -

best estimates of A and ¥y are given in columns 2 and 3 of Table 3. The total
particle fluence is obtained by integrating over the duration of the event, and
this is given, also, along with g:he event duration, in Table 3.

As we have shown previously, the Hydrogen spectra are different from the
Helium spectra and the time profile of an SEP event may be different for
Hydrogen and Helium. We have utilized GOES and IMP-8 data to determine
the proton spectrum, fitting again to a power law such as equation (4). The
proton amplitude, spectral index, total fluence and event duration are given in..
columns 2-5 of Table 4. Comparison of Tables 3 and 4 show that the proton
spectra are generally much harder than the Helium spectra and, as expected, the

total proton fluence is several orders of magnitude larger than the Helium
results.

We have developed a modeling technique for SEP events which assumes
that the heavy ion spectra follow the Helium spectrum (not the proton
spectrum) with a spectral amplitude detérmined by the relative coronal
abundances of the different spedies, corrected for any heavy ion enhancement
(or deficiency) in the event. To determine such an enrichment parameter, we
look at the total heavy ions observed during the flare period by ONR-604. on
CRRES If an enhanced abundance is observed, this is used to define a pseudo-

Fe/O ratio which then gives the model parameter 8. Both the Fe/O and 3 results
are given in Table 4. If no heavy ions are observed, then the Fe/O ratio is set at

its nominal value (0.155) and the 8 parameter is 0. For theie events we assume
normal solar energetic particle abundances.

It should be remarked that this analysis is at relatively kigh energy, i.e. 50-
100's of MeV /nucleon, where statistics for power-law spectra are poor. Good
measurements are obtained for only the largest flares, with the smaller flares
giving only limits. The range over which the model holds some validity is E >
10 MeV/nucleon, the interval that is most important for the Single Event Upset
problem in microelectronic circuitry.
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TABLE 3. ‘He Spectra and Fluences

Amplitude Index Fluence™ Duration
A° T (at Eo) (Days)
1 6.071+0.008 3.27+0.47 1.1x10% 1.8
2 0.071+0.008 3.2710.47 1.2x 104 1.9
3 0.071+0.008 3.2740.47 6.7x103 1.1
4 0.166:0.014 2.224+0.39 4.7x10* 3.3
5 0.139+0.010 5.43+0.33 1.3x10* 1.1
6 0.081+0.007 3.2140.39 4.2x103 0.6
7 0.108-:0.006 1.54+0.30 1L.I1x10% 1.2
8 0.081+0.007 3.21+0.39 5.6x10°3 0.8
9 0.081+0.007 3.21+0.39 7.0x 103 1.0
10 15.82+0.44 6.33+£0.12 3.4x10° 2.5
11 1.226+0.026 5.07-4£0.10 3.2x10° 3.0
12 0.071:0.008 3.27+0.47 9.2x103 1.3
13 0.081+0.007 3.21+0.39 49x103 0.7
14 0.0810.007 3.21+0.39 7.0x%x 103 1.0
15 0.081=0.007 3.21+0.39 7.0x103 1.0
16 0.236=0.012 3.31+0.24 39x10* 1.9
17 0.07120.008 3.2740.47 . 2.4x10% 3.9
18 0.071+0.008 3.27+0.47 1.1x10% 1.8~
19 10.98+0.21 4.10+0.09 8.6x 108 9.1
20 34.18+1.28 4314017 1.0x107 3.4
4.16%0.15 4.28+0.16 2.6x 105 7.3
0.42220.014 4.33%0.13 3.2x 108 8.8
0.1600.010 5.42+0.28 2.6x101 1.9
0.081+0.007 3.214:0.39 5.6x 103 0.8
0.065%:0.003 3.24+0.29 1.5x 10% 2.7
0.158+0.017 4.06:£0.46 4.5x 107 3.3
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TABLE 4. Proton Spectra and SEP Model Parameters
Event Amplitude  Index Fluence®™ Duration FelO 6
Ay” T (at Eo) (Days)

i 11148 2.7240.05 2.88x 107 3 0.155 0.000
2 202452 3.3940.18 . 3.49x107 2 0.155 0.000
3 3748 1.9440.15 6.39x10° 2 0.155 0.000
4 5319 2.1040.12 1.83x107 4 0.306 0.038
5 129+43 3.38+0.24 2.23x107 2 1.030 0.105
6 56413 2.38+0.21 4.84x108 1 1.030 0.105
T 568 2.23+0.11 9.68x10° 2 0.225 0.021
8 33+5 1.4840.11 2.85x 108 1 1.030 0.105
9 7513 2.40+0.12  6.48x10° 1 1.030 0.105.
10 200407001 4.64:0.40 3.46x10° 2 0.925 0.101
11 579+115 4.16+0.23 2.00x10° 3 5.2:3 0.196
12 91+11 2.70+0.08 1.57x107 2 0.133 0.000
13 3145 1.45+0.11 2.68x10° 1 1.030 0.105
14 304 1.40+0.09 2.59% 106 1 1.039 0.105
15 50=4 1.97+0.05 4.32x10° 1 1.630 0.105
16 44566 3.08:0.13 7.69x107 2 6.208 0.205
17 71+6 2.25::0.06 2.45x10° 4 0.153 0.000
18 83+12 2.74+0.11 1.43x107 2 0.153 0.000
19 8761140 3.08+0.19 6.81x 108 g 102 -0.023
20 32384917 2.9010.26 1.12x10° = 0.05% -0.054
21 12614307 2.76+0.22 8.72x 10% 8 0.4¢2 0.064
22 153+23 2.8420.11 1.19x 108 g 0.133 0.000
23 306%119 4.10+0.28 7.93x107 3 1.633 0.105
24 2444 1.38+0.11 2.07x10° 1 1.233 0.105
25 13134 3.26+0.18 4.53x10°7 g 0.153 0.000
25 7110 2.45+0.10 2.45x 107 2 9.333 0.228

= in particles/m?-st-s-MeV /nucleon; == in particles/m?-s:-2 eV /nuclzon.
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We can utilize the results of Tables 2-4, within the uncertainties, to look at
the probable behavior of the 26 flares that have been studied. Utilizing the
model, we can predict the heavy ion spectra that would be observed with a
larger instrument at the energies under consideration here. These results are
shown in Figure 21. The left-hand plots show the measured H (solid) and He
(dashed) energy spectra while the right-hand graphs show the inferred heavy
ion abundance at ~100 MeV /nucleon. In the model all spectra are power laws,
and the Helium spectra index is used for all heavier elements. The relative
importance of the heavy ions can be determined by looking at the ratio between
helium and, for example, the CNO peak, considering also the steepness of the
helium energy spectrum. A glance through Figure 21 shows the variability in
the set of SEP events that were encountered, and measured by ONR-604, during
the CRRES mission.

4. Geomagnetic Transmission’

: For Earth - orbiting satellites at low altitude, the Earth's magnetic field and
‘the solid Earth itself provxde significant additional protection from the
mterplanetary heavy ion environment. While the physics of this shleldmg
effect is simply the Lorentz force on a moving charge, an exact calculation is
-complicated by the complex particle trajectories which can result, espedally in

the transition region where the shielding effect becomes important. The Earth's . .

magnetic field produces an east-west asymmetry in the flux arriving at some
observing location (magnetic radius and latitude; r, A) such tha_t for a dipole
magnetic field, particles with a specific momentum per unit charge (rigidity,
p=p/Z) only arrive from a cone of directions surrounding the west (for positive
charges) with an angular extent, ®, given by

cos(@) = (2Y / cos(A))—Y*cos(1) (5)

where Y2 = M/(cpr?), M is the magnetic dipole moment of the Earth, and c is the .
speed of light. The solid angle corresponding to this cone is equal to 2x
(1+cos(w)).

To account for the shielding due to the solid Earth, the zccess cone solid

angle is reduced by the fraction obscured by the Earth at altiz:de h to obtain a .
total solid angle factor (Wilson et al., 1991):

Q= (1 + cos(@)){1 + cos(arcsin(R, / [R, + k}i}} (6)

The vertical cutoff rigidity approximation often employed to estimate the
geomagnetic shielding effect is a simplification of this procedure. It
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approximates the access function as a step function at the rigidity corresponding
to a cone angle of 900.

The GEOMAG Transmission function in CHIME calculates this access solid
angle as a function of the ion energy and applies this filter function to the
interplanetary heavy ion flux calculated by the procedures described in the
previous sections. The user may select a location, an orbit, or a series of orbits
over some period of time. When an orbit is specified the access filter is
calculated as a time-weighted average. The transmission filter is applied
separately to the anomalous component, which is treated as singly charged (Z=1)
in this part of the calculation.

5. The Linear Energy Transfer Spectrum Calculator

The LET spectrum calculator.in CHIME employs an integral method and a
two-part (shield and target) spherical geometry model. The thicknesses of the
shield and the target may be specified by the user in column density units
(mg/cm?). Since the range depends on the density of the target and only weakly
on the target composition, this approach permits the model to be used with
different materials. Workmg from the sensitive region out, and for each ion
species, minimum and maximum incident ion energies are calculated -
corresponding to pre—deﬁned LET thresholds.- At each threshold LET, the
integral LET spectrum is calculated by integrating the heavy ion flux spectrum
over this energy range and summing over all particle spedes.

In this implementation, the ion LET in the target and the ion energy
outside the shield are both calculated using differences of the range function,
R(E,Z,M), for an ion with kinetic energy E, atomic. number Z, and mass M. The
range function is scaled at ion energy E/M by MZ2 from the range tabulation for
protons in silicon of Janni (1982). It does not depend on the charge state of the
ion before it strikes the shield or target. A range extension is apphed to account
for the ion charge state at low velocities within the material based on the results
of Heckman et al. (1960). One advantage of this method is that it fully accounts
for the slowing-down of the incident ions within the target, incduding the low-
energy ions which stop in the target. Such ions have ranges less than the target -
thickness after penetrating the shield. The effects of nudlear interactions are not
included in this'model. For thick shields, when the effects of those interactions
become important, this LET spectrum will over-estimate the real spectrum at
high LET and underestimate the real spectrum at low LET.




IV. THE CLEMENTINE RADIATION ENVIRONMENT

As a joint program of the Department of Defense and N ASA, the
Clementine series of missions is designed to provide both deep space tests of
miniaturized sensors, spacecraft and subsystems and new scientific information
of the Moon and other objects in the near-Earth environment. Part of the deep
space test effort is to determine the effect of the space radiation environment on
the Clementine sensors and compenents. In support of this effort LSU has used -
the CHIME model, described in the previous section, to estimate the
characteristics of the radiation environunent to be encountered during the
CLEMENTINE I mission.

A. The Mission Parameters

The CLEMENTINE I mission is composed of three distinct phases or
components: 1) the Interstage Adapter (ISA) in a highly eccentric Earth orbit; 2)
the spacecraft during Lunar Survey; and 3) the spacecraft during asteroid
encounter. These phases are illustrated in Figure 22 which provides the time
intervals as well as orbital parameters used in this study. ‘

The ISA was used to boost the spacecraft toward the Moon and was leftin a
highly eccentric Earth orbit. An instrument package consisting of several
different types of dosimeters and radiation monitors was mounted on the ISA to
provide additional space radiation environment experimenis with minimal
impact to the primary CLEMENTINE I mission. Figure 22 indicates that the
characteristic ISA will have a perigee of ~350 km, an apogee of ~167,000 km, an
orbital inclination of 679, and a lifetime covering at least the nominal mission
from 2/1/94 to 10/1/94. This orbit will take the ISA deep into the Earth's
magnetosphere where it will encounter a sizable dose from the Earth's trapped
radiation belts. The radiation environment in these belts is usually studied
with the aid of available, "standard” models such as AP8 and AES, and it is
unlikely that our investigation could significantly contribute to such studies.
Instead, we will concentrate on the interplanetary radiatior environment and
its penetration to the ISA orbit.

After lunar insertion, roughly three weeks after launck, the spacecraft will
either be outside the geomagnetosphere or at very high L vaiues for most of its
lifetime. . Thus, the geomagnetic transmission will have little effect on the
spacecraft radiation environment. Here the most importan: sffects will be the
solar modulation variations over the mission lifetime anc :xe contributions
from SEP events. The time periods used for the two CLEMENTINE I spacecraft

phases are 2/21/94 to 5/3/94 for the Lunar Orbit phase and 3,°2/94 to 8/31/94 for
the asteroid (Geographos) flyby phase.
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B. Expected Solar Modulation Levels during the Mission

The CHIME model was used to estimate the solar moduiziion level ()
during the CLEMENTINE I mission. This level can vary from ¢ ~ 1500 MV for
solar maximum to about ¢ ~ 475 MV for solar minimum. The ¢ values
predlcted for each month of 1994, and rounded to the nearest 10 MV, are shown
_in Table 5. A steady decrease in the modulation level is expected throughout
the year as solar minimum levels are approached dunng late 1994 or early 1995.
This implies that GCR and AC radiation levels will increase during the mission.
The average ¢ for the three mission phases are: ¢ ~ 588 MV for the Lunar Orbit, ¢

~ 558 MV for the asteroid flyby, and ¢ ~ 570 MV for the full time period from
2/94t010/94.

TABLE §$ - Predicted Values of ¢ During 1994

Month ?MV) Month ?MV)
January 610 |July 560
February 600 | August 550
March 590 |} September - 540

1 April 580 { October 530
May 570 |November 520
June 560 | December 520

1. GCR Spectrum Variation

The effect of solar modulation during 1994 on the GCR Helium energy
spectrum is illustrated in Figure 23 and is representative of the effects seen for
energetic heavy ions. In panel A of the figure, the differentizl energy spectrum
for January, 1994 and December, 1994 is shown. The peak flux of about 0.25 - 0.3
(m2-sr-s-MeV /nucleon)-! occurs at about 200 - 300 MeV/nucleon and drops off
- by about an order of magnitude as the energy decreases to 10 MeV /nucleon.
Since the solar modulation level decreases over the course of the year, the
December flux will be larger than that at the start of the year. Notice also that
the modulation effects are more pronounced at low energy (< 1 GeV/nucleon).
This can be more clearly seen in panel B of the figure, which plots the ratio
between the energy spectrum modulated for each month of 155+ and the
January, 94 spectrum. This figure illustrates the variation of :z2 GCR flux as a
function of both time and energy. Over the course of the yez:, the Helium flux
at high energy (>1 GeV/nucleon) should increase by about 163, while at low
energy (~ 100 MeV/nucleon) the increase may be 30% to 35%.
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Figure 23: The effect of solar modulation during 1994 on the Galactic Cosmic Ray Helium spectrum. The Helium
differential energy spectrum predicted for January, 1994 and December, 1994 is shown in panel A. The
variation in the spectrum for each month during 1994, relative to January, is shown in panel B.




2. Anomalous Component Variation

The equivalent variation of the anomalous Helium component during
1994 is shown in Figure 24. The energy spectra for January anc December are in
panel A while the monthly variation is indicated in panel B. For energies
greater than about 90 - 100 MeV/nucleon the anomalous component flux is
negligible compared to the GCR, but below about 30 MeV/nucleon the AC
dominates the particle spectrum. In addition, the AC is much more variable
than the GCR during 1994 and is expected to increase by up to a factor of 3
between January and December.

C. Expected SEP Events during Mission

The CHIME program includes 26 SEP events which occurred during the
CRRES mission, and which are characterized in Tables 2 to 4, as well as
incorporating the proton fluence model of Feynman et al. (1993). The scope of
the program, however, was directed toward support of the CRRES/SPACERAD
mission and a description of the actual SEP events observed was sufficient.
Therefore, CHIME does not attempt to predict the number or characteristics of
SEP events for any future year. For this study, we have provided such a
prediction for 1994 by examining the historical record and constructing "sample”
SEP populations from the 1991 events. -

1. Historical Variation

To make a reasonable prediction for the number and type of SEP events
that may be seen during the CLEMENTINE I mission we need first to look at the
historical SEP frequency and fluence variations. Previously, we saw a good
correlation between the yearly averaged sunspot number per month and the
number of SEP events per year observed by the GOES and IMP-8 spacecraft
during the time period 1976 to 1993 (c.f. Figure 8). These data cover almost a full
solar cydle, and the roughly linear correlation is plotted in panel A of Figure 25.
(Note that the y scale in this plot would need to be multiplied by a factor of 12 to
obtain the mean yearly sunspot number.) A simple linear fit to this relation can
then be applied to the sunspot number and used to generate an expected yearly
SEP number. This is shown in panel B, where the observed mean monthly
sunspot number for the years 1950 to 1993, with predicted values for 1994 and
1995, is shown as the solid line and the predicted SEP number as the dashed
curve. A comparison of the observed (solid curve) and inferred (dashed curve)
SEP number is shown in panel C. While there are some differences in details,
the general agreement between the two curves is quite good.

In panel D of Figure 25, the inferred SEP number is used to examine the
event time frequency. Solar maximum peaks occurred during 1957, 1968, 1979
and 1989 and these are indicated on the panel as the inverted filled triangles.
The CLEMENTINE I mission will take place during 1994, five vears after the last
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Figure 25: The time variation in the number of SEP events. Panel A (upper
left) shows a correlation plot of the mean sunspot number versus
number of SEP events observed during 1976 to 1993. Panel B shows

the number of SEP events per year (dashed curve) inferred from the

mean sunspot number (solid curve). A comparison of the observed

(solid) and inferred (dashed) number of SEP evenis is shown in
panel C (lower left). Finally, the inferred SEP even: number is
drawn in panel D (lower right) with the peak number for each cycle

(filled inverted triangle) and the number 5 years foliowing the peak
(filled circles) marked.
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peak of solar activity. Thus, also indicated in the panel as fillec drcles is the SEP
number expected for 1994 as well as the level for each year that is five years after
the peak number. The plot shows that there is remarkable agreement for each
of the corresponding years in the previous cycles. In fact, the number events per
year for 5 or 6 years around solar minimum appears to be relatively
independent of the number of events during solar maximum or the total
number of events during the cycle. Thus, with reasonable confidence we can

estimate that roughly 105 SEP events might be observed by the CLEMENTINE I
spacecraft during 1994.

An advantage of this approach to estimating the SEP number is that it takes
into account the inefficiency of any particular spacecraft in observing all the SEP
events which actually occur. Since the SEP energetic particles are generally tied
to the interplanetary (solar) magnetic field lines, the direct particles will travel
along the field line linking the spacecraft to the sun. For events which are not
“dxrectly connected”, particles would have to diffuse across field lines. Thus, a
given spacecraft can efficiently "view" only a limited region of the solar surface.
Since solar flares and Coronal Mass Ejections (CME), which may generate SEP
events, can occur anywhere on the sun, a single spacecraft will have the

opportunity to “"see" only a fraction of the total number of events. Further, only o

a portion of these solar events may generate energetic particles which “escape” .
into interplanetary space. Fmally, spacecraft instrument thresholds and
geometrical factors limit the size and type of SEP events which can be detected to
the larger events. These.are the events, however, which likely provide the '
majority of the SEP contribution to the total dose and SEU. rates relevant to
radiation environment studies. As these sensitivities and inefficiencies are very
roughly the same for most current technology spacecraft sensors, scaling from
the observed IMP-8 and GOES "event rate" will automatically ‘ake these effects
into account for the CLEMENTINE I mission.

In addition to the number of events during 1994 we also need an
expectation of the distribution of event sizes. Here we can examine the total.
yearly fluence (particles/cma2-sr) for > 10 MeV protons in SEP events between
1976 and 1993-based upon the GOES and IMP-8 observations. These data are

plotted in Flgure 26.where each curve is for a particular fluence range and is .
obtained by:

{(Number of events in range) x (Mean fluence of range)] + (Total fluerce from lower ranges)

The fluence ranges are: 200 - 10¢ (dot-dash-dash);. 104 - 10° (do:-dot-dash); 107 - 106
(long dash); 106 - 107 (medium dash); 107 - 108 (short dash); an< > 108 (solid). The
number distribution of events within these ranges is shown ix the different
panels of Figure 27. . From these figures we can see that lower fluence events (<
105-106) may decrease in number following the sunspot number peaks (1979,
1989), and there seems to be an increased chance that higher fluence events
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Figure 27: The number of SEP events within a particular fitence range as a
function of time from 1976 to 1993. The fluence ranges are: 200 - 104
(A), 104 - 10° (B), 10° - 106 (C), 106 - 107 (D), 107 - 108 (E), and >108 (B).
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(> 108) occur during the declining phase of the cycle. Thus, the total proton
fluence from SEP events can remain high, or even increase, for several years
following the sunspot maximum.

To place a limit on the total fluence during the CLEMENTINE I mission we
can, again, extrapolate from 1984 which is five years after the solar cycle peak of
. .1979. This extrapolation indicates that the total SEP fluence should be less than
108 particles/cm2-sr for >10 MeV protons, but there is a chance for an event with
>109 particles/cm?2-sr. We can also estimate the intensity distribution over the
~10 events expected for 1994 to be: ~5 events with a proton fluence of < 106, ~3

with a fluence in the range 106 to 107, and ~2 where the proton fluence exceeds
107.

2. Expectations during 1994

The number and proton intensity variations of the SEP events over time
which can be examined from the historical record do not constrain other
characteristics, such as the energy spectrum or heavy ion content, which are
important in determining the LET. We have therefore constructed four sample
collections of SEP events from the events contained in the CHIME model. Each
of these samples contain 10 events and an intensity distribution consistent with
that estimated for 1994. The heavy ion composition between the samples was
varied to investigate the effect on the derived LET spectrum. The general -
character of the sample as well as the events (listed in Tables 2 to 4) used to
construct the sample are:

1. Heavy Ion Poor: In this sample all events have a heavy ion enrichment

factor (3) of less than about 0.1. The CHIME model SEP event numbers used
for this sample are: 1, 3, 8, 9, 13, 18, 22, 23, 24, and 25.

2. Heavy Ion Rich: Two events in this sample have a heavy ion enrichment

factor (8) of greater than about 0.2. The CHIME model SEP event numbers
used for this sample are: 4, 5, 8, 9, 13, 14, 15, 16, 23, and 26.

3. Typical: The composition distribution of this sample is similar to that of
the 26 events of the CHIME model. One event has a heavy ion enrichment

factor () of greater than about 0.1. The CHIME model SEP event numbers
used for this sample are: 2, 3, 6, 8, 14, 15, 17, 22,23, and 2&.

4. Large: Here the composition distribution is the same as in the "Typical"
sample, with the exception that it includes the largest event seen by the
CRRES/SPACERAD mission. The CHIME model SEP event numbers used
for this sample are: 1, 3, 8, 9, 10, 13, 18, 22, 24, and 25.
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The characteristics of the four samples are illustrated in Figure 28. This
figure shows, in the left hand panels, the proton (solid) and Helium (dashed)
fluence spectra and, in the right hand panels, the relative elemental
composition. The composition differences between the sample can be more
clearly seen in Figure 29 where the abundance for each element relative to the
"Typical" sample (i.e. #3) is plotted versus element charge. The solid curve is
for the Heavy Ion Poor sample (#1) and the highest charge elements (24 < Z <
28) are repressed relative to “typical” composition by about a factor of five. The
short dash curve is for the Heavy Ion Rich sample (#2) which shows that lighter
elements (2 < Z < 8) are repressed about 60% while heavy elements are
enhanced about the same amount. Finally, the long dash curve is for the Large
(#4) sample. Here the enhancement varies from about a factor of 7 for protons
and about a factor of 3 for all other species.

D. The Geomagnetic Transmission of Interplanetary Particles

The geomagnetic field shields the Earth and objects in low Earth orbit from
the full effects of the interplanetary radiation -environment. The highly
eccentric orbit of the Interstage Adapter carries the ISA deep.within the = .
magnetosphere, but most of the orbit period is spent at high magnetic L values A

- where interplanetary energetic particles have relatively easy access. Thus, the

calculated geomagnetic transmission function, averaged over. the ISA orbit and
shown in Figure 30, indicates that interplanetary energetic particles with rigidity
greater than 100 MV should have a 90% or greater transmission through the
Earth's geomagnetic field.

The rigidity of a species is proporhonal to the mass to charge ratio (A/Z) of
the particle and more "r1g1d" species are less affected by the Earth's magnetic
field. This effect is shown in Figure 31, where the ratio of the energy spectra
seen in interplanetary space relative to that averaged over the ISA orbitis
plotted. The solid curve is for protons with A/Z = 1, the short dashed curve is .
for Helium and other heavy ions with A/Z = 2, and the long dashed curve is for
heavy ions with 2.18 < A/Z < 2.4. The largest effect is for protons at 10 MeV
where the mterplanetary flux is about 7% higher than the averaged flux at the A
ISA. As heavier ions are more rigid they have a much hlgher average
transmission and, at most, there is a 2% decrease in the flux for the lowest =~ .
energies considered here. As the Anomalous Component species are expected
to be only singly ionized they have very high A/Z ratios and, thus, would be
affected by the geomagnetic field only at energies below 10 MeV/nucleon.
Finally, at high energy (i.e. high rigidity) geo*nacmetlc transmission is still.
somewhat less than 100% due to the "shadow™ caused by particles intercepting
the Earth (see section III.B.4)
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E. The Linear Energy Transfer (LET) Functions

With the radiation environment now estimated for all three phases of the
CLEMENTINE I mission, we can now derive the Linear Energy Transfer (LET)
spectrum and investigate its implications. The LET was calculated using the
CHIME model as described in section II.B.5 and is presented here as plots of
- -integrated flux (particles/m2-s-st) or fluence (particles/m2-sr) versus the LET
(MeV/mg/cm?).

1. Effects of Detector and Shield Thickness

The derived LET spectra can be strongly influenced by the shielding
material surrounding the "target” sensitive layer and the thickness of the
sensitive layer, since different species in the radiation environment lose energy
at different rates. The sensitivity of the LET for a particular SEP event (#5 from
... Tables 2 - 4) to the shield thickness is shown in Figure 32. In this figure the LET
was calculated for a 1 micron thick Silicon sensitive layer and for a series of Al
shields that range in thickness from 1 mil (top most curve) to 1600 mils (bottom
curve). The top most curve represents the LET for, essentially, an unshielded
detector and the integrated flux is quite large. However, introducing only a thin,
50 mil (~0.34 g/cm?) shield reduces this flux by 3 to 5 orders of magnitude.
Thus, while SEP events can produce copious amounts of energetic particles for
short periods of time, their relatively steep energy spectrum means that these
particles are not very penetrating and can be effectively shielded by moderately
thin amounts of material.

Galactic cosmic rays are much more penetrating than SEP's, since the GCR
flux peaks at 300 - 600 MeV/nucleon and remains relatively high up to energies
> 1000 MeV/nucleon (c.f. Figures 2 and 14). Thus, we would expect that the GCR
LET would be much less sensitive to the shield thickness. This is illustrated in

Figure 33 for GCR spectra modulated to ¢ = 558 MV and used to calculate the
LET spectrum in a 1 micron Silicon sensitive layer. The top curve in the figure,
once again, corresponds to essentially no shielding and is the LET spectrum for a
1 mil (~7 mg/ cm?2) Al shield. The large peak in the specirum between 1 and 10
MeV/(mg/cm?2) is due to the anomalous component (see below). The next
curve down is the LET spectrum for a shield thickness of about 12.5 g/cm?2 (~1850
mils of Al) and, other than the absence of the AC peak, there is little difference
from the unshielded case. Due to this insensitivity we have also included in
Figure 33 example LET spectra calculations for significantly thicker shields
ranging up to ~400 g/cm2. At these thicknesses GCR interactions in the shield
are an important factor and, as previously mentioned, CHIME does not include
these in the calculations. Nevertheless, Figure 33 indicates that it is extremely

difficult to reduce the GCR induced LET by merely inaeasing the shield
thickness. _ '
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2. Interplanetary phases (Lunar and Geographos)

The LET calculated for the CLEMENTINE [ phases depends upon whether
or not the AC is included, the type of SEP events expected during the mission
and the level of solar modulation. Figure 34 shows the effect of including the
AC in the LET calculation. Both panels of the figure use the same GCR
interplanetary spectra with a 1 micron Silicon sensitive layer and Al shield
thicknesses (from top to bottom) of 1, 50, 100, 200, 400, 800 and 1600 mils. The
top panel (A) does not indlude the anomalous specira while the bottom panel
(B) does. Only in the thin shield (1 mil) case is the AC evident, in panel B, as the
significant increase in flux between LETs of 1 to 10 MeV/(mg/cm?). Increasing
the shield thickness to 50 mils (~0.3 g/cm?) effectively removes these particles.
This is due to the AC's very steep energy spectrum (see sections II.B and IIL.B.1).

In Figure 35 the LET fluence (particles / (m2 sr)) spectrum for the four SEP
samples described above are shown. These LET spectra are for a 1 micron Si
sensitive layer thickness and, again, from top to bottom, 50, 100, 200, 400, 800 and
1600 mil Al shields. Each panel is for a different SEP sample: (A) Typical; (B)
Heavy Ion Rich; (C) Heavy Ion Poor; and (D) Large. In general there are only
slight differences between the LET spectra in panels A, B and C. These
differences are mostly at LET values greater that 3-4 MeV/(mg/cm?) reflecting
the relative difference in heavy ion content between the samples. For example,
at ~10 MeV/(mg/cm?) the Heavy Ion Rich sample (B) fluence is about an order
of magnitude larger than that for the Heavy Ion Poor sample. The spectra in
panel D, however, show a considerably enhanced fluence for all LET. This is
due to the single, big event included in the sample. ‘

The LET fluence spectra for the Lunar Survey period (2/21/94 - 5/3/94) and
the Geographos encounter period (5/27/94 - 8/31/94) are shown in, respectively,
in Figures 36 and 37. These spectra were calculated for the same sensitive layers
and shield thickness used for Figure 35 and include all components of the
interplanetary radiation environment, the AC as well as the "Typical" SEP
sample, appropriately scaled for the time period, and GCR with modulation
levels of 588 MV for the lunar orbit period and 558 MV for the asteroid flyby.
These LET spectra are dominated by the GCR, but the SEP effects are strongly
evident for LET values less than 1 MeV/(mg/cm?) and for shields less than 300
mils thick. For reference these composite LET spectra are provided here as

Table 6 for the Lunar Survey period and Table 7 for the Geographos encounter
phase.
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Table 6:

MeV / 50 mil 100 mil
(mg/cm2) Al Shield Al Shield
0.043 1.84E+10  3.91E+09
0.050 1.42E+10 2.94E+09
0.059 = = L.OSE+10-—2:18E+09 -
0.068 8.03E+09 1.60E+09
0.080 5.89E+09 1.18E+09
0.093 4.29E+09 8.62E+08
0.109 3.08E+09 6.20E+08
0.127 2.19E+09 4.42E+08
0.148 1.57E+09 3.21E+08
0.173 1.08E+09 2.27E+08
0.202 7.56E+08 1.65E+08
0.236 5.27E+08 1.20E+08
0.276 3.67E+08 8.71E+07
0.322 2.56E+08 6.39E+07
0.377 1.73E+08 4.56E+07
0.440 5.18E+07 2.22E+07
0.513 3.27E+07 1.72E+07
0.600 2.61E+07 1.47E+07
0.700 2.06E+07 1.25E+07
0.818 1.66E+07 1.08E+07
0.955 1.32E+07 9.12E+06
1.115 9.45E+06 6.65E+06
1.302 5.65E+06 3.95E+06
1.521 2.93E+06 2.51E+06
1.776 2.07E+06 1.72E+06
2.074 1.48E+06 1.20E+06
2.422 1.07E+06 8.41E+05
2.829 7.81E+05 5.93E+05
3.303 5.74E+05 4.20E+05
3.858 . 4.24E+05 2.99E+05
4.505 3.15E+0Q5 2.13E+05
5.261 2.34E+405 1.52E+05
6.144 1.73E+05 1.08E+05
7.174 1.26E+05 7.63E+04
8.378 8.95E+04 5.32E+04
9.784 6.58E+04 3.75E+04
11.426 4.76E+04 2.61E+04 - -
13.343 3.31E+04 1.75E+04
15.582 2.29E+04 1.18E+04
18.197 1.57E+04 7.83E+03
21.250 9.98E+03 4.79E+03
24816 5.09E+03 2.29E+03
28.980 1.38E+02 6.05E+01
33.843 1.14E+01 8.64E+00
39.522 6.34E+00 5.04E+00
46.153 3.66E+00 2.99E+00
53.898 2.13E+00 1.75E+00
62.942 1.06E+00 8.87E-01
73.503 4. 63E-01 3.89E-01
85.837 7.39E-02 6.25E-02

200 mil
Al Shield

9.44E+08

7.24E+08
5.54E+08 -

4.19E+08
3.23E+08
2.51E+08
1.87E+08
1.39E+08
1.08E+08
8.26E+07
6.58E+07
5.25E+07

7 4.10E+07
. 3.24E+07

2.49E+07
1.78E+07
1.50E+07
1.30E+07
1.12E+07
9.82E+06
8.42E+06
6.13E+06
3.61E+06
2.36E+06
1.60E+06

. LL11E+06

7.72E+05
5.40E+05
3.79E+05
2.67E+05
1.88E+05
1.33E+05
9.36E+04
6.56E+04
4 55E+04
3.18E+04
2.20E+04
1.47E+04
9.77E+03
6.44E+03
3.89E+03
1.81E+03
4.66E+01
7.46E+00
4. 37E+00
2.59E+00
1.51E+Q0
7.66E-01

3.36E-01

5.37E-02
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400 mil
Al Shield

3.40E+08

2.83E+08

2:36E+08
1.89E+08
1.60E+08
1.35E+08
1.0SE+08
8.15E+07
6.74E+07

. 5.54E+07

4.69E+07
3.94E+07
3.20E+07
2.60E+07
2.05E+07
1.65E+07
1.41E+07
1.23E+407
1.06E+07
9.30E+06
.7.98E+06
5.77E+06

 3.34E+06

2.18E+06
1.47E+06
1.01E+06
7.00E+05
4.87E+05

" 341E+05

2.40E+05
1.69E+05

- 1.19E+05

8.36E+04
5.85E+04
4.05E+04
2.82E+04
1.94E+04
1.29E+04
8.58E+03
5.64E+03
3.38E+03
1.56E+03
3.91E+0!
6.07E+00
3.53E+00
2.07E+00
1.21E+00
6.06E-01

2.64E-01

4.19E-02

LET Fluence Spectra for Lunar Survey Period

800 mil
Al Shield

2.10E+08
1.88E+08
‘1.67E+08
1.39E+08
1.23E+08
1.08E+08
8.59E+07
6.74E+07
5.69E+07
4. 77E+07
4.11E+07
3.50E+07
2.85E+07
2.33E+07
1.84E+07
1.52E+07
1.30E+07
1.13E+07
9.79E+06
8.54E+06
7.31E+06
3.21E+06
2.95E+06
1.89E+06
1.26E+06
8.61E+05
3.93E+035
4 12E+05
2.87E+05
2.02E+05
1.42E+05
9 97E+04
7.00E+04
4.8SE+04
3.37E+04
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1600 mil
Al Shield

1.73E+08
[.59E+08
1.44E+08
1.21E+08
1.08E+08
9.57E+07
7.60E+07
5.93E+07
5.03E+07
4.22E+07
3.64E+07
3.10E+07
2.52E+07
2.0SE+07
1.60E+07
1.33E+07
1.13E+07
9.83E+06
8.49E+06
7.39E+06
6.30E+06
4.39E+06
2.39E+06
1.50E+06
9.85E+05
6.65E+405

- 4.55E+05

3.15E+05
2.19E+05
1.53E+05
1.08E+05
7.56E+04
5.29E+04
3.68E+04
2.53E+04
1.76E+04 .
1.20E+04
7.94E+03
5.22E+03
3.40E+03
2.00E+03 -
9.09E+02
2.15E+01
2.85E+00
1.61E+00
9.23E-01
5.29E-01
2.59E-01
1.11E-01
1.74E-02




MeV /
(mg/cm?)

0.043

- 0.059———

0.068
0.080
0.093
0.109
0.127
0.148
0.173
0.202
0.236
0.276
0.322
0.377
0.440
0.513
0.600
0.700
0.818
0.955
1.115
1.302
1.521
1.776
2.074
2.422
2.829
3.303
3.858
4.505
5.261
6.144
7.174
8.378
9.784
11.426
13.343
15.582
18.197
21.250
24 816
28.980
33.843
39.522
46.153
53.898
62.942
73.503
85.837

Table 7:

50 mil
Al Shield

~ 5.67E+13
. 5.63E+13

5.57TE+13
5.47E+13
5.32E+13
5.10E+13
478E+13
435E+13
3.84E+13
3.21E+13
2.61E+13
2.06E+13
1.60E+13
1.24E+13

. 9.37E+12

3.73E+12
3.01E+12
2.75E+12
2.38E+12
1.98E+12
1.56E+12
1.14E+12
6.99E+11
1.81E+10
1.78E+10

1.75E+10 .

1.72E+10

1.67E+10

1.62E+10
1.55E+10
1.46E+10
1.30E+10
1.13E+10
9.19E+09
7.03E+09
6.18E+09
5.46E+09.
2.76E+09
2.04E+09
1.55E+09
1.09E+09

6.36E+08 . -

1.52E+07
5.97E+05
2.31E+05
8.93E+04
3.31E+04
9.57E+03
2.26E+03
1.73E+02

100 mil
Al Shield

5.28E+09
3.97E+09
2.95E+09
2.17E+09
1.59E+09
1.17E+09
8.43E+08
6.02E+08
4.37E+08
3.09E+08
2.25E+08
1.64E+08

1.19E+08 -

8.79E+07

6.28E+07 -

3.11E+07

. 241E+07

2.06E+07
1.75E+07
1.51E+07
1.28E+07
9.35E+06
5.59E+06
3.58E+06
2.46E+06
1.72E+06
1.21E+06
8.51E+05
6.03E+05
4.29E+05
3.06E+05
2.18E+05
1.55E+05
1.09E+05
7.62E+04
5.36E+04

.3.73E+04

2.51E+04

1.12E+04

6.83E+03
3.26E+03
8.60E+01
1.24E+01
7.24E+00
429E+00
2.51E+00
1.27E+00
5.59E-0t

8.97E-02

200 mil
Al Shield

1.29E+09
9.88E+08
7.57E+08
5.73E+08
4 43E+08
3.45E+08
2.58E+08
1.92E+08
1.49E+08
1.15E+08
9.14E+07
7.30E+07
5.712E+07

4.52E+07 -

3.47E+07

2.51E+07.

2.10E+07
1.82E+07

. L.58E+07

1.37E+07

- LISE+07 -

8.63E+06
5.11E+06

- 3.36E+06

2.29E+06
1.59E+06
1.11E+06
7.74E+05
5.43E+05
3.83E+05
2.71E+05
"1.91E+05
1.34E+05
9.42E+04
6.53E+04
4.56E+04
3.15E+04
2.10E+04
1.40E+04
9.23E+03
5.57E+03
2.60E+03
6.67E+01
1.07E+01
6.25E+00
3.70E+00
2.16E+00
1.09E+00
4.79E-01
71.66E-02
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400 mil
Al Shield

4.70E+08
3.92E+08
3.27E+08
2.63E+08
2.22E+08
1.87E+08
1.47E+08
1.14E+08
9.44E+07
7.76E+07
6.5TE+07
5.52E+07
4.48E+07
3.65E+07
2.88E+07
2.32E+07

. 1.98E+07

1.72E+07
‘1.49E+07
1.30E+07

~ LL11E+07

8.10E+06
4 73E+06
3.09E+06
2.09E+06
1.44E+06
9.99E+03
6.96E+05
4.88E+05
3.43E+05

- 2.42E+05

1.70E+05
1.20E+05
8.36E+04
5.79E+04
4.03E+04
2.78E+04
1.85E+04
1.23E+04
8.06E+03
4.83E+03
2.23E+03
5.59E+01
8.61E+00
5.00E+00
2.94E+00
1.71E+00
8.57E-01

3.73E-01

5.93E-02

LET Fluence Spectra for Geographos Period

800 mil
Al Shield

2.93E+08
2.63E+08
2.33E+08
1.95E+08
1.72E+08
1.51E+08
1.20E+08
9.45E+07
7.98E+07

. 6.69E+07

5.76E+07
4.90E+07

3.99E+07

3.27E+07

 2.58E+07
2.13E+07 ..

1.82E+07
1.58E+07
1.37E+07
1.19E+07
1.02E+07
7.30E+06
4.15E+06
2.67E+06
1.79E+06
1.22E+06
8.41E+05
5.84E+05
4.08E+05

- 2.86E+05

2.01E+05
1.42E+05
9.93E+04
6.93E+04
4.78E+04
3.3 1E-r04

1600 mil
Al Shield

2.41E+08
2.22E+08
2.01E+08"
1.69E+08
1.51E+08
1.34E+08
1.06E+08
8.31E+07
7.03E+07
5.90E+07
5.09E+07
4.32E+07
3.51E+07
2.85E+07
2.24E+07 -
1.85E+07°
1.58E+07
1.37E+07
-1.18E+07
1.03E+07°
8.75E+06

~ 6.11E+06

" 3.34E+06

. 2.10E+06

1.39E+06
9.37E+05
6.41E+05

© 4.44E+05

3.09E+05
2.16E+05
1.532E+05 .

" 1.07E+05

7.45E+04
5.19E+04
3.57E+04
2.47E+04
1.69E+04
1.12E+04
7.34E+03
4. 78E+03
2 81E+03

1.28E+03

3.02E+01
3.97E+00
2.24E+00
1.29E+00
7.36E-01
3.61E-01
1.55E-01
2.42E-02



3. Geomagnetic Effects and the Interstage Adapter

For the ISA, the effects of the Earth's magnetic field must be taken into
account. We have applied the geomagnetic transmission function discussed
earlier (Section IV.D) to the SEP, GCR and AC components and used the result
to determine LET spectra appropriate for the ISA orbit. An example of these
results is given in Figure 38, which shows the LET fluence spectra for the - ..

"Typical" SEP sample (top) and the LET flux spectra for the GCR and AC— T

combination. The curves in these figures can be directly compared to the results
shown in Figures 34 and 35 which do include geomagnetic transmission effects.
No substantial difference can be found. This is not a surprising result as we
have previously seen that, due to the highly eccentric ISA orbit, the average
radiation environment experienced by the ISA differs from the interplanetary
space environment only by a small amount at low energy.

The LET fluence spectra calculated for the Interstage Adapter for the time
period from 2/1/94 to 10/1/94 is shown in Figure 39 for a 1 micron Si sensitive
layer and Al shields of thickness 50, 100, 200, 400, 800 and 1600 mils. The particle

flux used in this calculation includes galactic cosmic rays modulated to ¢ = 570
MV, Anomalous Components and the “Typical" SEP sample appropriately
scaled for this time period. The spectra of these energetic particles were
corrected for the effects of geomagnet1c transmission prior to calculatmg the LET
spectra. A listing of the LET spectra is provided in Table 8.

V. CONCLUSIONS

We have used a new model of the space radiation environment, CHIME,
recently developed for the CRRES/SPACERAD mission to predict the
environment and derive LET spectra for the CLEMENTINE I mission. The
CHIME model represents an advance in the accuracy of estimating radiation
environments as it is based upon the physical theory of cosmic ray interstellar
and heliospheric propagation and is "calibrated” with energy spectra and ratio
measurements accumulated over the last two decades. This model provided the
predictions for the galactic cosmic ray (GCR) and anomalous component (AC)
fluxes during 1994. The remaining major component of the interplanetary
radiation environment, the solar energetic particles, were estimated by
combining SEP events observed during the CRRES mission into sample
populations which are consistent with historical variations.

The CHIME model predicts that during 1994 solar ac‘.i':i':y will be decreasing
toward solar minimum levels, and the galactic cosmic ray and anomalous
component fluxes will be increasing. During the early Lunar Surv ey phase of
the mission, the solar modulation level is expected to be about 588 MV, while
later in the mission during the asteroid flyby, the modulation level will decrease
to 558 MV. The average modulation level over the entire mission is predicted
to be 570 MV. These levels have an uncertainty of about 40 to 50 MV and can be
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Figure 38. The LET for the "Typical" SEP sample (top) and Galactic Cosmic Rays

10°

with Anomalous species (bottom) calculated for the Interstage
Adapter and including the effects of geomagnetic transmission.

There is no substantial difference between these plots and those

calculated using interplanetary spectra.
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MeV /
(mg/cm?2)

0.043
0.050
0.059

0.068

0.080
0.093
0.109
0.127
0.148
0.173
0.202
0.236
0.276
0.322
0377
0.440
0.513
0.600
0.700
0.818
0.955
1.115
1.302
1.521
1.776
2.074
2.422
2.829
3.303
3.858
4.505
5.261
6.144
7.174
8.378
9.784
11.426
13.343
15.582
18.197
21.250
24.816
28.980
33.843
39.522
46.153
53.898
62.942
73.503
85.837

Table 8:

50 mil
Al Shield

5.94E+10
4.60E+10

- 2.59E+10

1.90E+10
1.39E+10
9.99E+09
7.11E+09
5.09E+09
3.51E+09
2.46E+09
1.72E+09

1.20E+09.

8.37E+08
5.65E+08
1.74E+08
1.11E+08
8.86E+07
7.00E+07
5.64E+07
4 50E+07
3.23E+07
1.94E+-07
1.01E4+07
7.18E+06
5.15E+06
3.72E+06
2.71E+06
1.99E+06
1.47E+06
1.09E+06
8.07E+05
5.94E+05
4 31E+05
3.07E+05
2.25E4+05
1.63E+05
1.13E+05
7.83E+04
5.36E+04
3.40E+04
1.73E+04
4 69E+02
3.96E+01
2.20E+01
1.27E+01
7.41E+00
3.69E+00
1.61E+00
2.58E-01

100 mil
Al Shield

1.28E+10
9.64E+09
7.16E+09
5.27E+09
3.87E+09
2.84E+09
2.05E+09
1.46E+09
1.06E+09
7.52E+08
5.48E+08
4.00E+08

2.91E+08 -
2.14E+08

1.53E+08
7.61E+07
5.91E+07
5.04E+07

- 4.29E+07
3.69E+07

3.13E+07
2.29E+07
1.36E+07
8.71E+06
5.99E+06
4.18E+06
2.93E+06
2.07E+06
1.46E+06
1.04E+06
7.43E+05
5.30E+05
3.77E+05
2.66E+05
1.85E+05
1.30E+05
9.08E+04
6.10E+04
4.10E+04
2.72E+04
1.67E+04
7.95E+03
2.09E+02
3.01E+01
1.76E+01
1.04E+01
6.09E+00
3.09E+00
1.35E+00
2.17E-01

200 mil
Al Shield

3.15E+09
2.42E+09
1.85E+09

1.40E+09

1.08E+09
8.44E+08
6.32E+08
4.69E+08
3.65E+08
2.81E+08
2.24E+08
'1.79E+08
1.40E+08
1.11E+08
8.51E+07
6.14E+07
'5.15E+07

-4 4TE+07

3.87E+07

3.37E+07 .
2.89E+07

2.11E+07
1.25E+07
8.18E+06
5.58E+06

3.86E+06 -

2.69E+06
1.88E+06
1.32E+06
9.29E+05
6.56E+05

- 4.63E+05

3.26E+05
2.29E+05
1.59E+05
1.11E+05
7.66E+04
5.11E+04
3.41E+04
2.25E+04
1.36E+04
6.32E+03
1.62E+02
2.60E+01
1.52E+01
9.02E+00
5.28E+00
2.67E+00
1.17E+00
1.87E-01
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400 mil
Al Shield

1.16E+09
9.64E+08
8.03E+08
6.46E+08
5.45E+08
4.60E+08
3.61E+08
2.80E+08
231E+08
1.90E+08
1.61E+08
1.35E+08
1.10E+08
8.94E+07
7.05E+07
5.68E+07
4.85E+07

4.22E+07

3.65E+07
3.19E+07
2.74E+Q7
1.98E+07
1.16E+07
7.53E+06
5.10E+06
3.51E+06
2.43E+06

1.70E+06 .

1.19E+06

© 8.34E+05

5.88E+035
4.14E+05
2.91E+05
2.04E+05
1.41E+05
9.82E+04
6. 76E+04
4.50E+04
2.99E+04
1.96E+04
1.18E+04
5.43E+03
1.36E+02
2.11E+01
1.22E+01

7.19E+00 -

4.19E+00
2.10E+00
9.15E-01
1.46E-01

LET Fluence Spectra for Interstage Adapter

800 mil
Al Shield

7.18E+08
6.44E+08
5.71E+08

4.77E+08

4.22E+08
3.70E+08
2.95E+08
2.32E+08
1.96E+08
1.64E+08
1.41E+08
1.20E+08
9.80E+07
8.01E+07
6.33E+07

5.22E+07 .

4 47E+07
3.88E+07
3.35E+07
2.93E+07

2.50E+07.
. 1.79E+07

1.02E+07
6.52E+06
4.36E+06
2.98E+06
2.05E+06
1.43E+06
9.96E+05
6.99E+05
191E+05
3.43E+05
2.42E+05
1.69E+05
A7E+05

I D —

OO 1D U 0D e e dee ND e 1) )

12E+04

1600 mil

Al Shield

5.92E+08
5.46E+08
4.93E+08

© 4.15E+08

3.71E+08
3.28E+08
2.61E+08
2.04E+08
1.73E+08
1.45E+08
1.25E+08
1.06E+08
8.62E+07
7.01E+07

5.50E+07
4.54E+07"

3.88E+07
3.36E+07 .
2.90E+07
2.53E+07
2.15E+07
1.50E+07
8.20E+06
5.15E+06
3.39E+06
2.29E+06
1.57E+06 -
1.08E+06
7.54E+05
5.28E+035
3.71E+05
2.60E+05
1.82E+05
1.27E405
8. 72E+04
6.05E+04

- 4.14E+04

2.73E+04

1.80E+04

1.17E+04
6.88E+03
3.13E+03
7.42E+01

9.76E+00
5.50E+00
3.16E+00
1.81E+00
8.86E-01

3.80E-01

5.94E-02




compared to a typical solar minimum level of 475 MV and solar maximum
level of 1500 MV.

Modulated GCR and AC spectra were combined and used to derive a linear
energy transfer (LET) spectra. It was found that the AC dominates the particle
spectra below about 30 - 50 MeV /nucleon and due to their steep energy specira

~_can be effectively shielded by relatively small (~50 mils of Al) amounts of

material. The effects of the AC may be observed in unshielded detectors/
components. The GCR, however, are highly penetrating and require massive

amounts of shielding (> 50 g/cm?) before a significant reduction in the LET
spectra flux is achieved.

By examining the historical number and intensity variations, it is
estimated that about 10+5 SEP events might be observed by the CLEMENTINE I
spacecraft during 1994. The total fluence of >10 MeV protons for these events
should be less than 108 parndes/ (cm?2 sr), though there is a chance for a large
event with a fluence exceeding 10° particles/(cm? sr). Four sample SEP
populations, consistent with number and proton fluence estimates, were
constructed from the 26 events characterized during the CRRES/SPACERAD
mission. These sample populations differed slightly in their composition and
included: 1) Typical composition, 2) Heavy Ion Rich composition, 3) Heavy Ion
Poor composition and 4) Typical composition with a single large event. LET
spectra were calculated for each of these samples. Slight differences were found
for samples 1 - 3 for LET > 3-4 MeV/(mg/cm?) due to differences in the heavy
ion content, while the single large event in sample 4 resulted in significant
fluence enhancements for all LET values. However, due to the relatively steep

energy spectra of most SEP events, moderate amounts of material (100 - 300 mils
of Al) can effectively shield against these particles.

LET spectra for the two CLEMENTINE I spacecraft phases (lunar orbit and
asteroid flyby) and the interstage adapter (ISA) were calculated by combining the
GCR, AC and "typical" composition SEP fluxes and, for the ISA, taking into
account the effect of geomagnetic transmission. For each of these cases it was
found that the GCR dominate the LET spectra for LET greater than about 1
MeV/(mg/ cm?2). Below this level the SEP effects can be seen for Al shields less
than 300 mils thick. The geomagnetic transmission effects averaged over the
highly eccentric ISA orbit are negligible, resulting in, at most a 7% decrease in
the proton flux at 10 MeV. Thus, even taking these geomagnetic effects into
account results in LET spectra for the ISA which are essentially identical to those
for interplanetary space.
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This independerit estimate of the CLEMENTINE-I radiation environment
can be compared to previous estimates and to the results derived from the
sensors, electronic components and radiation measuring devices. The authors

would be interested in receiving copies of any such comparisons that are
performed.

The CHIME model used in this study was developed with the support of
the U.S. Air Force and the Office of Naval Research. In addition, one of us,
E. Clayton, participated in this study with the additional support of the
Louisiana Board of Regents, LEQSF, under agreement NASA /LSU-(91-96)-01,
and NASA/LaSPACE under grant NGT-40039.
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