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Abstracr

The interplanetary space in the vicinity of the earth have many
components of energetic charged particles. The Solar Wind (SW)
particles with energies <1 KeV/n, emitted continuously from the Sun,
dominate at low enérgics. In the energy interval of ~ 1 - 100 MeV/n,
the Solar Energetic Particles (SEP), emitted sporadically from the
Sun during solar flares, are most abundant. Above 100 MeV/n and up
to energies of TeV/n and more we have Galactic Cosmic Rays (GCR)
coming from outside the solar system. In the energy range of 1-30
MeV/n, a new component of energetic particles was discovered in
nearby interplanetary space during solar quiet period in the early
seventies. The "most characteristic feature of this component is the
overabundance of He, N, O and Ne relative to C compared to their
abundances in SEP and GCR. While the GCR energy spectrum in this low
energy range show a positive power law index in energy, the spectra
of this new component has a negative power law index. Because of
these peculiar features and unknown source and origin, this new

component was termed Anomalous Cosmic Rays (ACR).

The ionization states of the energetic particles of solar and
extra-solar origin provide clues to the plasma conditions (e.g
temperature, density etc.) prevailing at their source regions and at
their acceleration sites and also of the processes occurring during
their interstellar and interplanetary propagation. The ionization
states of low energy SW and SEP particles are well studied earlier,
using electrostatic charge analyzers, which revealed the presence of
partially ionized particles in both SW and SEP. In the case of GCR,
available data on the electron capture and stripping cross sections,
and the large amount of matter traversal during their interstellar
propagation, predict their equilibrium charge states to be fully
ionized for energies >10 MeV/n. Although the ionization states of
high energy (>1 GeV/n) GCR particles were inferred to be fully
ionized from the measured dependence of their flux on the
geomagnetic latitude, no attempt has been made so far to determine
the ionization states of low energy (<100 MeV/n) GCR particles. Such

4 determination is important as there could be differences in the



propagation histories of low and high energy galactic cosmic rays.
The ionization state of the ACR component, which is one of the key
parameter in all the models proposed for its source and origin, have
also not been measured directly until recently. Indirect inferences
for a partial ionization state of ACR particles have been drawn from
several experiments. One such experiment was conducted in 1973 using
the Skylab platform (A = +50°, altitude = 435 km), which provided
the first indirect hint that the ACR particles are in partially
ionized states. This inference was based on the observation of high
fluences of low energy CNO group particles that are geomagnetically
forbidden at the Skylab orbit. The similarity in the composition of
these particles with that of the ACR component led to the suggestion
that they are indeed a part of ACR, and, these particles could be
observed inside the magnetosphere only because of their partial

ionization states and hence higher effective rigidities.

The direct determination of the ionization states of ACR
particles as well as that of low energy GCR particles have been
accomplished recently by us based on the data obtained from the
Indian cosmic ray experiment ’Anuradha’ flown on board Space Shuttle
Spacelab-3 during April-May,1985. This experiment takes advantage of
the presence of the low energy ACR and GCR particles inside the
earth’s magnetosphere and use the geomagnetic field as a rigidity
filter to determine their ionization states. The present thesis
mainly deals with the results obtained from this experiment, and
their implication towards understanding the source and origin of the
ACR as well as the characteristics of the low energy GCR particles
in the near-earth-space. Since the approach of using the geomagnetic
field as a rigidity filter to determine the ionization states of low
energy charged particles has not been utilized before, we have also
made a special effort to check the wvalidity of the geomagnetic
transmission factor calculated using the International Geomagnetic

Reference Field model and trajectory-tracing method.

The main topics on which results and discussion are presented

in this thesis are :
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1) GCR oxygen ion flux in the energy interval (50-250 MveV/n) inside
the magnetosphere and a check on the validity of the calculated

geomagnetic transmission factor.

2) Jonization states of anomalous cosmic rays (ACR) and the
implications of the results concerning the source and origin of the
ACR.

3) New results on the ionization states of low energy (<125 MeV/n)
particles (6 <Z <28) of GCR origin and their implications.

The basic structure of the thesis is as follows:

The general features of the energetic particles in  the
near-carth-space viz. the SW, SEP, magnetospheric, ACR and GCR
alongwith the present knowledge about their ionization states are

discussed in the first chapter.

In the second chapter we discuss the method followed in the
present work to determine the ionization state(s) of low energy
particles and the Nuclear Track technique used to determine the
atomic number, mass and energy of the charged particles based on the
records left by them in the plastic (CR-39) detectors used in the
Anuradha experiment. A brief description of the instrument is also

given in this chapter.

Calibration of the detector, data acquisition procedures, error

estimation etc. are outlined briefly in the third chapter.

In the fourth chapter we present the results on the calculated
values of the orbit-averaged geomagnetic cutoff rigidity obtained by
trajectory-tracing method and the deduced transmission factors at
the Spacelab-3 orbit as a function of the rigidity of the charged
particles. Results obtained on the orbit-averaged flux of the low
energy  (50-250 MeV/n) GCR oxygen at the Spacelab-3 orbit are
presented alongwith a discussion on the validity of the calculated

~ Beomagnetic  transmission  factors. Finally, the method wused to
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calculate  the threshold rigidity of individual ions is also

discussed in this chapter.

In the fifth chapter we' present new result on the observation
of low energy (20-125 MeV/n) partially ionized iron group ions and
discuss why we consider GCR as their most plausible source. We then
present a plausible model for the origin of these partially ionized
heavier ions assuming them to be of GCR origin. The results on the
ionization state of ACR particles alongwith their implications are

also presented in this chapter.

A summary of the results alongwith their implications and scope

for further work are discussed in the sixth chapter.
The results presented in this thesis are summarized below.

We have measured the orbit-averaged GCR oxygen ion flux in the
energy interval 50-250 MeV/n from an analysis of the track records
in the detector stacks flown on the Anuradha experiment on board
space shuttle Spacelab-3. To obtain the corresponding  GCR  oxygen
flux in the interplanetary space we have calculated the Spacelab-3
orbit¥averaged geomagnetic  transmission factor by using the 1985
reference geomagnetic field model. The geomagnetic cutoff rigidities
are  obtained by the trajectory-tracing method. The average
rigidities for 5° latitude x 5° longitude grids are calculated and
the time spent by the Spacecraft in each of these grids were
considered in calculating the orbit-averaged geomagnetic
transmission  factor. The interplanctary fluxes derived from the
present experiment for three energy bands and the corresponding
expected fluxes in units of p/(mz.sr.sec.MeV/n) are:
(1.73£1.00)x10® and 2.2x107 (45£10 MeV/n), (3.1241.38)x10” and
4.2:10° (121437 MeV/n) and (4.96+3.46):10° and 5.0¢10° (235472
MeV/n) respectively. These two sets of fluxes compare well within
the error limits. We have also calculated the modulation parameter ¢
from the interplanetary oxygen flux derived by us, and compared this
value with the ¢ values for proton and helium for the 1985-86 epoch.

The normalized modulation parameter @ = (% * ¢) obtained for proton,
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helium and oxygen are 650420, 670440 and 640£60 MV respectively. The
close agreement between thé‘ derived and the expected interplanetary
oxygen fluxes and in @ values for p, He and O give us good
confidence in  the validity of the calculated orbit-averaged
geomagnetic  transmission factors and hence on the cutoff rigidity
values obtained by the trajectory-tracing method wusing the 1985

geomagnetic reference field model.

Unambiguous determination of the ionization states of a total
of 13 ACR events have been accomplished from the data obtained from
the Anuradha experiment in this and earlier work. Out of these, nine
events (1 nitrogen, 5 oxygen and 3 neon) have ionization states of
1°. The ionization states of the other four ACR particles are also
consistent with their being in 1" state. These results from the
Anuradha experiment thus support the suggestion that the local
interstellar neutrals are the source of ACR. In this model the
neutral atoms from the nearby interstellar medium enter into the
solar system and get singly ionized by solar ultraviolet rays and by
charge exchange process with the solar wind. After ionization they
propagate away from Sun alongwith the solar wind and are accelerated
to the observed energies perhaps in the heliospheric boundary,
before diffusing back into the heliosphere, where we observe them as

Anomalous Cosmic Rays.

The experimental and analytical methods used for determining
the ionization states of ACR particles were also used to determine
the ionization states of low energy (<125 MeV/n) heavier ions (6 < Z
< 28) that were recorded in the Anuradha detector. A total of 26
events out of 46, for which the ionization states could be
determined, are found to be in fully ionized state. An additional 4
events are most probably fully ionized, if we consider the extreme
limits of experimental uncertainty. The remaining 16 events are
definitely in partially ionized states. These include one Titanium
(6"), two Vanadium (10*, 16"), two Chromium (5%, 8"), one Manganese
(4", eight Iron (3%, 3%, 107, 11%, 147, 14%, 20", 20" and two
Nickel (8, 14"y ions. We have good confidence in these new results

because the use of the same experimental setup and analytical



proccdureé yielded results that showed that the ACR . particles are
singly ionized and most Qf the GCR particles are fully ionized,
which are in good agreement with our present knowledge about the
ionization states of these components. The results obtained by us
therefore suggest that ~25- 30% of the low energy (<125 MeV/n) heavy
ions are in partially ionized states. We, therefore believe that a
new component of partially ionized low energy iron group particles

is present in the near-earth-space.

Because of the entirely unexpected nature of the results we
have made a detailed analysis for the possible sources of these
particles viz. anomalous cosmic rays, solar energetic particles,
magnetospheric particles and galactic cosmic rays, and, conclude
that they are of GCR origin. We also present in the thesis a
plausible model for the generation of partially ionized low energy
galactic cosmic rays. We postulate the presence of a low energy
(1-10 MeV/n) partially ionized GCR component outside the solar
system. Such a component could simply represent the low energy
steady-state local interstellar GCR spectra or could be produced
through trapping of high energy (up to few hundred MeV/n) GCR
particles in large molecular clouds in nearby interstellar space,
where a fraction of them suffer degradation in energy to -1-10 MeV/n
and gets partially ionized through electron capture. Acceleration of
this Jlow energy partially ionized GCR component to the observed
energies can take place in the heliospheric boundary. Further work
will be needed to properly understand the different aspects of this

new component.
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" CHAPTER 1
INTRODUCTION

The energetic charged particles observed in the interplanetary
space in the vicinity of the earth have many components. At the
Jowest end of energy we have the Solar Wind (SW) plasma emitted
continuously from the Sun with energies <1 KeV/n. In the energy
interval ~1-100 MeV/n, the Solar Energetic Particles (SEP), emitted
sporadically from the Sun during solar flares, is the major
component. Above 100 MeV/n and up to energies of TeV/n and more we
have Galactic Cosmic Rays (GCR) coming from outside the solar
system. The main constituent of all these components is proton with
a few percent helium. Heavier particles are also present but their
abundance is extremely small (1% of the total). A new component of
energetic particles, in the energy range of 1-30  MeV/n, was
discovered in nearby interplanetary space during the solar quiet
period in early seventies (Hovestadt et al.,1973; Garcia-Munoz et
al.,1973; McDonald er al.,1974). The most characteristic feature of
this component is the overabundance of He, N, O and Ne. relative to C
compared to their abundances in SEP and GCR. While the GCR energy
spectrum in this low energy range shows a positive power law index
in energy, the spectrum of this new component has a negative power
law index. Because of these peculiar features and unknown source and

origin, this new component was termed Anomalous Cosmic Rays (ACR).

Much closer to the earth , within the earth’s magnetosphere,



the entry of the low energy SEP and GCR is controlled by the
geomagnetic field. Low energy. SEP and GCR particles can have access
only in the polar region, while thé high energy GCR particles can
reach the top of the earth’s atmosphere. at lower latitudes depending
on their energy. In addition there are two zones within the
magnetosphere  which are populated with energetic protons and
electrons. These zones are known as Van Allen radiation belts, and

the particles are termed as geomagnetically trapped particles.

A very significant observation made in 1973, relates to the
presence of high fluence of geomagnetically forbidden low energy
(<30 MeV/n) C, N, O particles in an experiment conducted using the
Skylab platform [Biswas er al.,1975; Chan and Price,1975; Biswas and
Durgaprasad,1980]. The cutoff energy for the Skylab orbit (A= +50°,
altitude= 435 km), for fully ionized particles with mass to atomic
number ratio (A/Z) of 2 was -50 MeV/n. The observation of the
forbidden particles, coupled with the fact that their composition
- resembles more with the newly discovered ACR component rather than
solar or galactic cosmic ray composition , led Biswas et al.[1975]
to suggest that this component is related to ACR. It was implicit in
this suggestion, that the ACR component is partially ionized, which
allowed these low energy particles to reach the Skylab orbit, due to

their higher magnetic rigidities.

Fig 1-1 shows a composite spectra of the major components of
energetic charged particles, observed in the near-earth-space. A
brief description of each of these components is given in the

following sections.
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1.1 Energeti'c Particles in the near-earth-space
1.1.1 Galactic Cosmic Rays

The energetic particle population in the interplanetary space
at energies above a few hundred MeV/n is dominated by the galactic
cosmic rays. 98% of these particles are nucleons and the remaining
2% are electrons and positrons [Simpson, 1983a]. The nucleonic
component of GCR consists of 87% proton, ~12% helium and -1% heavier
nuclei from carbon to actinides. Detailed information on the
composition and energy spectra of all the elements up to iron and
the general features of trans-iron nuclei are available at present
[Simpson,1983a; Binns er al,1989]. In fig.1-2  we show the
differential energy spectra of some of the major elements in GCR
(proton, helium, carbon and iron) in the energy range 10 to 10’
MeV/n at 1 AU (Astronomical Unit). All these spectra could be
repfesented by a power law in energy of the form dJ e< EY4E, with a
value of the spectral index y = 2.6. The deviation from this power
law at < 5000 MeV/n is due to the loss in energy and consequent
decrease in particle flux by the interaction of incdming GCR
particles with the magnetic irregularities, carried by the outgoing
solar wind. Theb decrease in flux of the GCR particles is higher
during high solar activity when the magnetic irregularities of the
solar wind increase. Thus GCR flux at energies below a few GeV/n is
inversely correlated with the solar uactivity.  This is termed as the
solar modulation, which follows the well-known 11 year cycle; one

finds a variation in the flux of GCR particles by a factor of -2 (at
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-1 GeV/n) between the period of solar maxima and minima.

The elemental abundances in GCR generally match with that of
the solar system. However; there is a major difference. Elements and
isotopes like 2H, 3He, Li, Be, B, F and several others elements
between Si and Fe, ,which are nearly absent in the solar systém ,
are present in GCR in significant amount. These particles are mostly
produced by nuclear interactions or fragmentations of the primary
cosmic rays, during their passage through interstellar medium, and
are termed as secondary particles. The secondary particles can
therefore be used as a probe to determine the amount of matter
traversed by the GCR particles, before reaching the interplanetary
space. In general, GCR particles traverse -~5-10 gm cm™? of matter
before reaching 1 AU [Garcia-Munoz et al.,1987a]. From the
measurements of the ratio of the radioactive isotope '8¢ (half life
(Tm) 15 x 10° yrs), to other stable beryllium isotopes, the
containment life time of GCR particles in our galaxy is estimated

to be -2 x 107 yrs .

The source of the GCR particles is not unambiguoﬁsly known. The
main difficulty in identifying their source is the isotropy in the
observed flux, caused by the interaction of the GCR particles with
the iﬁterstellar magnetic  irregularities  during  their  propagation.
The GCR particles could be a representative sample of specific
stellar objects (e.g supernova, pulsar etc.) or matter from the

interstellar medium itself
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The accelcration of the galactic cosmic rays to the observed
cnergieis, could have taken place at one or more specific
astrophysical sites. For example, they could gain their energy from
stochastic ~ processes  through interaction  with  the interstellar
magnetic field during their propagation [Fermi,1949]. Alternatively,
shocks propagating in the interstellar medium (e.g of supernova
origin) could be responsible for their acceleration [Axford er
al ,1977;  Eichler,1979; Blandford and Ostriker,1980; Volk,1981].
Also, according to Silberberg er al[1983] the acceleration of
cosmic rays is distributed over their propagation  through
interstellar ~ space. ~ They  suggest that  after  the  principal
acceleration and during their galactic confinement, cosmic rays are
further accelerated by weak shocks of widely distributed old
supernova remnants. The distributed acceleration model has been
successful  in  explaining certain  peculiarities in  cosmic ray
composition [Wandel er al., 1987; Cesarsky, 1987].»However, even if
‘thbe acceleration sites for GCR are identical, it will not help in
pinpointing their source. Measurement of isotopic and elemental
compositions of different elements, at different energy range, and
comparison of the measured elemental and isotopic compositions of
GCR in the interplanetary space with that expected from specific
source compositions, are needed to decide among the most plausible

sources.
1.1.2 Solar Energetic Particles

Determination of the composition of solar energetic particles



givcs us iﬁformation.on the elemental abundances in the Sun, and the
processes which are responsible for. the storage and acceleration of
these particles from the solar atmosphere. The emission of energetic
proton and helium particles‘ from the Sun was studied in detail for
the first time in balloon experiments during the solar flare events
of September 1960 [Biswas et al.,1962]. The initial studies of SEP
during early sixties was mainly restricted to large solar flare
events, a summary of which was presented by Biswas and Fichtel
[1965]. The relative abundances of SEP at energy 220 MeV/n is found

to be similar to solar photospheric abundances.

Rocket and satellite borne experiments in 1970’s revealed a
very interesting feature of SEP during certain flare events; an
enhancement of heavier ions relative to their abundances in the
solar photosphere at energies <20 MeV/n. This enhancement was first
reported by Price er al. [1971] for iron group ions, who also
suggested an energy dependence in the enhancement factor. A recent
summary [McGuire er al.,1986; Reams,1990] of data from a large
number of solar flare events showed that there is a systematic
departure of SEP abundances from photospheric abundances and in some
events there exist a Z-dependent heavy ion enrichment or depletion.
The enhancement factor increases almost linearly with Z and then
becomes nearly a constant between Z=12 to Z=26 [Biswas er al.,1983

and references therein J.

A further " insight towards understanding the variability of

solar flare composition was provided by Breneman and Stone [1985].



They have éalculated' the average SEP abundance by co:ﬁbining'data
from 10 solar flares that dccurred during 1977-82. A systematic
variation in abundance of ,individual flares relative to the average
abundance was observed. Using the measured ionization states for
different elements ( see section-1.2.1 for a detail discussion) they
found that flare-to-flare  variability in composition  exhibits a
monotonic dependence on the ionic charge-to-mass ratio (Q/M) of the
particles. This trend could be due to dependence of the acceleration
and propagation processes on the rigidity of the particle which .is

inversely proportional to Q/M.

The relative abundance of ZH, 3H, and *He are rather small in
normal solar flares ("H/'H = 7(+10,-6).10°, *H/'H - 3.10°, *He/'He
= (9i4).10'3), which indicates that the production of secondary
particles in the solar atmosphere by nuclear spallation reactions is
probably not significant [Mewaldt et al.,1979]. However, there are
excéptions like ’He-rich flares where the *He/'He ratio reaches
close to unity compared to the photospheric ratio of -4.10% At
present it is firmly established that there exists a class of
generally weak flare events where “He is highly enhanced relative to
its normal solar abundance [Anglin er al.,1973; Balasubramanyan and
Serelcmitos?1973; Dietrich,1973;  Garrard et al.,1973; Ramaty et
al ;1980 and Kocharov and Kocharov,1984]. It is observed that there
is an enhancement in heavier ions also, mostly iron, in association
with the *He enhancement. The ratio Fe/O in >He-rich flares varies
by almost three orders of magnitude from 0.01 to 10. The enhancement

of "He and heavier ions in weak flares is now understood in terms of
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their selective heating by wave particle interactions in the flare
plasma -and hence their preferential injection into the accelerating

region [Fisk, 1978].

Average elemental abundances for solar particles with energy 2I
MeV/n in large solar flare events (where peak intensities exceed
~-100 protons/(cmz.sr.sec.McV)) are shown in fig.1-3. The energy
range considered here are, 1-20 MeV/n for normal flares and 1-5
MeV/n for flares enriched in iron. The vertical extent of the solid
bar and open rectangles in the figure shows the variation - in
composition from one solar flare to the other. Despite these
variations the basic compositional features of SEP are similar to
that of solar corona and solar photosphere, whose abundances are
also shown in fig.1-3. An overall agreement is seen in the
abundances in He, C, N and S through Fe. The elements like Li, Be,
B, F and P are rare. The odd atomic number (Z) elements like N, F,
Na, Al and P are comparatively much less abundant than their

neighboring even-Z elements.

The energy spectra of protons for various soldr flares are
shown in fig.1-4. The spectral index 7y varies between -3 to -6 from
flare to flare. An alternative representation is in terms of the
rigidity, that usually covers a much wider range. The rigidity
spectra are expressed as dJ/dR o exp(—R/RO). The steepness of the
spectrum is determined by RO, which varies roughly between 40MV
(steep) to 400MV (flat). McGuire er al.[1981] have shown that the

spectral form based on a Bessel function of momentum/nucleon (p)
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Fig.1-3 Abundances normalized to oxygen in the solar corona (filled

circles), photosphere (stars) and in flare events. The abundances

for relatively large flare events are indicated by solid vertical

bars, solid triangles  (upper  limits), open  squares  (single

measurement) and open rectangles (element groups). The composition

for "Fe"-rich (also 3He—rich) flare events are indicated by cross

hatched bars and rectangles. The vertical extent of the bars

represents the degree of variability in the composition between

different solar flare events. [Reproduced from Gloeckler, 1979]

11



5 vy rrreyy
IO E— T A § T 3
! 4
5 10 E ' 3
o ~Ni -
5 g . :
3 g AN ]
. - ﬁ‘:%\ N, ]
C\JE ~ Y -
3 . N
© |0 F ™ e
~ ':’ ° 'j‘
I ;
_J - ]
© b
=2 |
x 0 f E
Q. r 3
— - 4
" 4
> i |
= i % 1
<) l N -
= 10 & 2
V8 o ]
,— : -
=z - 4
= i \ j
0
10" £ E
: Lo Lo aaaaasd 1l i S

10} 100 500
KINETIC ENERGY (MeV/n)

Fig.l1-4  Proton specira for nine different solar flare evenis

measured over the time period 1960 1o 1972. [Reproduced from Vahia

and Biswas, 1963]




also represents the intcnsitvy'v of SEP quiét well. Such a spectrum
(dJ/E o p.K [2(3(p/c)(1/aT)})™] ) can result from stochastic Fermi
acceleration, where energy loss effects are neglected in the
acceleration region. In this expression K2 is a modified Bessel
function‘ of order 2, "a" 1is the acceleration rate and T 1is the

escape time from the acceleration region.
1.1.3 Anomalous Cosmic Rays

Anomalous cosmic rays (ACR) were discovered during the early
seventies in nearby interplanetary space in several satellite borne
experiments [ Garcia-Munoz et al.,1973; Hovestad£ et al,1973;
McDonald et al,1974]. This component of energetic particles are
characterized by the overabundance of He, N, O and Ne relative to C
in the energy range 1-30 MeV/n, compared to their abundances in SEP
and GCR. Further, their energy spectra are also very different from
those of GCR in this energy range, which has a negative power law
index. The distinctly different energy spectra of ACR species (He,
N, O, Ne) are shown in fig.1-5 along with the GCR. spectra for
different elements. A peak in the ACR intensities can also be
noticed at ~10 MeV/n. Because of the lower flux level, the ACR
components can be observed only in the absence of SEP i.e during
solar quite time. It is evident from fig.1-5 that the ACR helium
flux exceed that of GCR proton at E < 30 MeV/n, and ACR oxygen has
much higher flux than GCR carbon. The elemental abundances of ACR

relative to that of GCR and SEP are given in table-1.1
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Table-1.1 : Elemental abundance of ACR, GCR and SEP.’

Element ACR GCR SEp I Ratio

(2-30) (>100) (1-20) (ACRz-ao/GCR>1oo)
MeV/n MeV/n MeV/n

He 90 50 130 1.8

C =1 = ] =1 1

N 3 0.255 0.25 11.8

0 18 1.0 1.85 18

Ne 1.3 0.175 0.30 7.4

Mg <0.3 0.23 0.33 1.3

Si <0.2 0.17 0.24 1.17

Fe <0.03 0.12 0.28 0.25

* From Gloeckler,1979

3 . R s . .
T He-rich’ and ’Fe-rich’ flares are not included.

Investigation until now have conclusively shown the presence of
six elements in the ACR, namely He, C, N, O, Ne and Ar. The presence
of H in ACR had been reported recently although this can not be
considered as conclusive [Christian er al.,1990;, Garcia-Munoz et

al.;1990; McDonald er al.,1990; Mewaldt,1990].
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Continuous  monitoring - of the ACR componeni in  the
interplanétary space by the Piéneer ‘and Voyager Spacecrafts over the
last two decades have provided a lot of Vdata on the different
characteristic features of the ACR, like its temporal and spatial
variations inside the heliosphere [Christian et al.,1988; Cummings
and Stone,1988: Cummings et al., 1990a; Cummings et al., 1990b,
Garcia-Munoz et al.,1'990; Mewaldt, 1990]. The temporal variations of
ACR show an inverse correlation with solar activity, with maximum
intensity during solar minimum and minimum intensity during solar
maximum. The quite time ACR flux was near its maximum and had almost
the same intensity during 1972-78 encompassing the solar minimum of
1976. During the 1980 solar maximum, the ACR intensity at 1 AU went
below the detection limit, and returned again to the maximum level
for a short period during 1987. We show in fig.1-6 the ACR oxygen
intensity at 1 AU as measured by IMP-8 spacecraft over the period:
1972—1988 along with the neutron monitor data for the same period.
The data obtained from IMP-8, Voyager-2 and Pioneer-10 spacecrafts,
all of which were monitoring the ACR cbmponent at different
heliospheric  distances near the ecliptic plane show that the ACR
flux has a radial gradient of -14%/AU between 1 to 20 AU and -3%/AU
between 20 to 40 AU from the Sun [Cummings et al.,1990b]. This is
shown in fig.1-7. The latitudinal gradient for ACR oxygen component
(E= 7-17 MeV/n) have also been estimated from the data obtained from
Voyager-1, Voyager-2 and Pioneer-10 spacecrafts during 1984 to 1989,
when Voyager-1 had sampled ACR particles away from the ecliptic
plane [Cummings et al.,1990b].  The magnitude of the latitudinal

gradient shown in fig.1-8 appears to have a good correlation with
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the tilt of the neutral current -sheet from the héliographic
equatoribal’ ‘plane. The 1atitudi.nal gradient for the ACR oxygen
component first becomes negative when the neutral sheet tilt drops
below the latitude of Voyager-1 and liave a maximum value of
-5.5%/deg during mid-1987 and becomes near zero by the end of 1988

when the tilt angle and the Voyager-1 latitude are same.

The isotopic composition of ACR has been mainly studied using
the Caltech Heavy Isotope Spectrometer Telescope (HIST) experiment
on ISSE-3 and Electron/Isotope experiment (EIS) on IMP-7 at 1 AU.
The results of these studies are described in detail by Mewaldt ez
al[1984] and Mewaldt [1988]. Summary of these results are given in

table-1.2.

Table-1.2 : Isotopic composition in anomalous cosmic rays.

Anomalous Cosmic Rays

Isotope IMP-7 ISSE-3 Galactic
Ratio Cosmic
Energy Observed Energy Observed . Rays
range ratio range ratio (~100 MeV/n)
*He/'He 515 < 0.02 - - 0.1
Pere - - 530 <0.11 0.06
PN/N 613 <019 530 01171 055
"0/'°0 7-12 < 0.06 6-30 < 0.03 0.02
a(eTale) 711 0.03700 6-30 < 0.03 -0.02
“Ne/*Ne - - 5-28 < 0.36 0.6
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It is élearv from tabléfl.Z that the abundance of secondary
particles. like 3Hé, 13C, N and 22Né in ACR 19 extremely srﬁall
compared to those found in GCR. This suggests that the ACR particles
have not travelled much amount of interstellar matter and might have
originated from a nearby source i.e basically they are composed only
of primary nuclei. The source of the ACR particles is proposed to be
either solar and local galactic objects (comets/stars/novae) with
peculiar composition, or neutral particles from local interstellar
medium [Fisk et al., 1974; Hoyle and Clayton, 1974; McDonald et al.,
1974; Durgaprasad, 1977; McDonald et al.,1977; Biswas et al., 1981].
The presently available data as well as the data presented in this

thesis support the latter hypothesis.
1.1.4 Solar Wind

Solar wind, the continuous emission of energetic protons, heavy
ions and electrons from the Sun, is basically the outward expansion
of the hot (-10° deg K) solar corona into interplanetary space.
Parker first considered the hydrodynamical equations for a hot
plasma in the gravitational field of the Sun and predicted the
existence of a general outflow of matter, which was named solar wind
[Parker,1958; Parker,1963]. This prediction was verified by the
Soviet satellite Lunik II during 1959 and US Venus Probe Mariner 2
during 1962, which measured the particle density, velocity and
magnetic field strength in interplanetary space outside the earth’s
magnetosphere. The average characteristics of the solar wind in the

vicinity of the earth are given in table-1.3.



Table-1.3: Average characteristics of the solar wind.”

Composition Proton, electrons and a few percent of

alpha and heavier particles

Flux 5 x 10° particles/cm® sec
Velocity 300 to 450 km per second.’.
Density 5 particles/cm3 (range 1 to 20, generally

of each sign)

Thermal energy 10 eV

Proton kinetic 1000 eV

energy

Electron kinetic 10 eV

energy

Magnetic field 5x 107 gauss (range 3 to 15)

" F rom Venkatesan, 1985

T There are occasional high speed streams with velocity as high as

600 to 800 kms/sec and sometimes reaching 2000 km/sec




The magnetic field energy density of the solar wind "is -60
eV.em®. Since this energy is a very small fraction of the proton
energy present in the solar wind, one can conclusively say that the

kinetic energy of proton carries most of the solar wind energy. »
1.1.5 Magnetospheric Particles

Large population of energetic protons and electrons were first
observed in two specific zones within the earth’s magnetosphere
during 1958 in satellite borne experiments [Van Allen er al.,1958].
The first zone, called the inner radiation belt, is situated at an
altitude of -3000 km and the second zone, the outer radiation belt
is centered at -~16,000 km altitude. The geomagnetically trapped
energetic  particles gyrate across the magnetic field lines and
bounce back and forth along the magnetic field lines. These
particles drift around the earth on a magnetic L shell. The L shells
are defined as the surfaces formed by rotating a magnetic field line
around the earth’s magnetic dipole axis. The distance of the
L-shells are measured at the equator in terms of the earth’s radius
(RE). The inner radiation belt is located at L =1.5RE and the outer
radiation belt has its center around L :3.5RE.

The main constituents of the energetic particles in the
radiation belts are protons and electrons. The inner radiation belt
contains high energy protons with energy up to ~1 BeV. The energy
spectrum of proton in the inner radiation belt is shown in fig.1-9

[from Freden and White, 1960]. The outer radiation belt contains
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Fig.1-9 The trapped proton energy distribution as measured by

Freden and White [1962]. The shape of this distribution is well

fitted by cosmic ray albedo neutron decay injection and atmospheric
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-much lower energy protons compared to those in thé innex; radiation
belt. The low energy (-0.19 MeV) proton in the outer radiation belt
has a maximum intensity at about L=4.5RE, whereas the higher energy
protons (-2.8 MeV) show peak at L=2.5RE [Mihalov and White,1966].
Rclativelyv few measurements exist on the flux of the geomagnetically
trapped particles heavier than proton. This 1is because of the
experimental difficulties in their detection in the presence of a
high background of protons. At energies above 0.6 MeV/n the
alpha/proton ratio is fairly stable with a value of -2 x 10, In
comparison, this ratio varies between -2.5 x 10 to 2 x 10* at
lower energies from one solar flare to the others [Vette,1971]. In
the solar wind the alpha/proton ratio is -0.04. The ratio of
intensities of CNOf/alpha particles in the outer radiation belt is -3
x 107 [Van Allen er al.,1970] at an energy of 0.3 MeV/n, compared
to the solar wind ratio of 0.01 [Bame er al.,1968]. Mogro-Campero
[1972] have also reported the observations of the CNO group nuclei

in the energy range 13-33 MeV/n with O/C = 0.5.

The source of protons in the inner radiation belt is due to the
cosmic ray albedo neutron decay (CRAND). Cosmic ray protons collide
with the atmospheric nuclei and the product neutron stream back into
the  magnetosphere and decay into  protons, electrons  and
anti-neutrinos (n = p + e + Qc ) [Singef,1958]. Predicted shape of
the proton ehergy distribution from CRAND matches well with the
measured data points shown in fig.1-9. Two leading candidates have
been discussed [Mogro-Campero and Simpson,1970] as the possible

source of heavy ions in the radiation belt. These are solar wind and
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solar fla_rcv particles.  Solar flare  particles could enter . the
magnetbéphere at  low encrgiés and get locally accelerated before
residing as trapped particles. On the other hand, solar wind
particles could be transported and acéelerated into the radiation
belt due to the violation of the third adiabatic invariant or the
flux invariant. ~ While neither of these two possibilities could be
established conclusively, most of the heavy ions found in the

radiation belt are basically considered to be of solar origin.
1.2 Ionization States of Energetic Particles in Near-Earth-Space.

The determination of the ionization states of the energetic
particles of solar and extra-solar origin provides clues to the
plasma conditions (e.g temperature, density etc.) prevailing at the
source regions and at the acceleration sites as well as the
processes occurring during their interstellar and interplanetary
propagation. From the available data on the electron capture (Gcap)
and the electron stripping (Gloss) cross section, GCR equilibrium
charge state in the interstellar medium 1is predictéd to be fully
ionized at energies >10 MeV/n [ Durgaprasad, 1977; Rule and Omidvar,
1979]. However, for the solar flare particles, their equilibrium
charge state will depend upon the plasma conditions at the flare
site [Luhn et al,1987]. Similarly, the equilibrium charge state for
SW particles depend on the physical conditions of the solar corona.
Except for hydrogen and helium, most of the higher atomic number
elements present in SW are predicted to be in partially ionized

state  [Allen and Dupree,1969; Cox and Tucker,1969; Jordan,1969].
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Different - techniques were used to measure the iohizatioﬁ states of
energetic particles in SW, SEP, GCR, ACR and radiation belts. The
ionization states of the solar wind particles are found to be
similar to  those of the solar energetic  particles. The
magnetospheric particles and the high energy galactic cosmic rays
are found to be fully ionized. Recent studies including the present
one show that the anomalous cosmic rays are predominantly in singly
ionized state. A new observation presented in this thesis is the
partially ionized state of low energy (20-125 MeV/n) GCR iron group
ions. In the follbwing sections we shall discuss our present
understanding of the ionization states of energetic particles

observed in the near-earth-space.
1.2.1 Ionization States of Solar Energetic Particles and Solar Wind

Direct and indirect measurements of the ionization states of
the solar energetic particles indicate an incomplete stripping of
the electron from the heavy ions over an energy range of up to -5-10
MeV/n [Gloeckler,1979]. Direct measurements [Gloeckler et al., 1976;
Sciambi et al,1977] have shown that, in general, ionization states
of C, O and Fe in SEP with energy below 1 MeV/n are consistent with
the ionization states of these elements in solar wind, which are 6,
6 and 12 respectively. These measurements were made using the ultra
low energy telescope (ULET) and the electrostatic energy versus
charge analyzer (EECA) on board IMP-8 satellite. The ULET determines
the atomic number and energy of the incoming particles by E-dE/dX

method, whereas, EECA determines the ionization states of the
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particle from the amount of deflection- in electrostatic field and
the information on the kinetic energy of the particle. About 10
small to moderate flare events were studied during 1973-74, and the

- following results were obtained:

1. The mean ionic charge states of carbon, oxygen and iron are
5.7, 6.2 and 11.6 respectively for E < 1 MeV/n.

2. There is apparently little variation of ionization states
with energy in any given event between E =37 KeV/n to 1
MeV/n.

3. There 1is apparently no variation of ionization states with
time during any event.

4. There appear to be only statistical fluctuation of these

ionization states from event to event.

Results from a similar experiment on board ISSE-3 during
1978-79 [Luhn er al.,1985] show more or less similar values of
lonization states obtained from 12 solar flare events. The results
obtained by them are given in table-1.4. Surprisingly, the
ionization states measured for Si and Fe during 3He—riclh solar flare
events are much higher than those given in the table-1.4 for normal
flares [Luhn er al.,1987]. Si is found to have a mean charge close
to 14 ie compatible with fully ionized Si and Fe is found to have a

mean charge 20.5 + 1.2.
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Table-1.4° : Ionization state'sv of solar energetic particlcs.*

Elements Energy range (MeV/n) Ionization state
C 0.45-2.34 5.7040.02
N 0.45-2.62 6.3740.04
O 0.54-2.64 7.00£0.02
Ne 0.56-3.14 9.0540.07
Mg 0.56-3.37 - 10.740.07
Si 0.55-2.97 11.040.10
S 0.55-3.17 10.940.24
Fe 0.34-1.78 14.940.09

" From Luhn et al., 1985

The first observations of ion species other than 'H'' and ‘He"
in the solar wind (which were detected in a Mariner-2 experiment
[Neugebauer and Snyder,1966]), were made by Bame et al. [1968] using
electrostatic analyzer on board two Vela 3 spacecrafts. Further
observations were carried out later by the two pairs of
earth-oriented satellites Vela 5A and B, Vela 6A and B with improved
instrumentation [Bame,1972]. The main assumption made in these
experiments was that all ion species have the same méan velocity,
which was assumed to be 440 Kmy/sec, which is equivalent to 1 KeV/n.
With this assumption, the ion species position in E/Q spectrum are
expected to be at m/mpq, where m is the ion mass, q is the ion
charge and m is the proton mass. Hence, the peak expected in E/Q
for '"HY, *He'? and 14N“Léiare at 1.00, 1.50 and 2.32 respectively
and similarly for other ions. In fig.1-10 the results obtained from

Vela 3A are shown. It is clear from the figure, that the main
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Fig.1-10  Solar wind E/Q spectra from Vela 3A spacecraft obriained
simultaneously at two different  sensitivity levels. The peak ar 4.0
is anomalously high to be explained as only due 10 ZéSi+7 ions.

[Reproduced from Bame, 1972 ]
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1.2.2 Jonization States of Geomagnetically Trapped

(Radiation Belt) Particles

H, He and heavy ions with energies > 0.12 MeV/charge were
detected in the magnetotail and in the magnetosheath of earth.
Measurement of the energy spectra for H, He and heavier ions were
carried out by Fan er al[1975] who have also inferred the
ionization states of these particles. The instrument used for this
experiment was an  electrostatic deflection spectrometer , designed
for the measurement of low energy particles. The principle to
determine the ionization state was simple: a particle is first
selected by means of an electrostatic analyzer according to its
energy per charge and its energy is then measured from the pulse
height generated by the energy deposited in an Au-Si solid state
detector. The ionization state is determined by combining these two
sets of data. In the experiment of Fan er al[1975], the particles
are first selected according to their energy per charge in the range
0.12-0.16, 0.17-0.28 and 0.38-0.65 MeV/charge, and plotted as a
function of their energy. Combining the results from all the three
energy ranges, spectra of each species are calculated and these are
shown in fig.1-11. When expressed in terms of power law, the

intensity (in p/ {cmz. sr. sec. (MeV/charge))) for H*! is seen to be
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satellite. [Reproduced from Fan er al., 1975]
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proportional vto E?® | for He* to E> and for Z 2 6 to E3.
From t.hése spectra  and the instrumental response the relative
abundance obtained in the energy-charge range 0.12-0.16 MeV/charge
is H'": He': (C¥, C*%: 0", 0% = 100 11 x 10 32 x 10%:
1.3 x 107 Although the charge resolution of the instrument was not
sufficient to rtesolve C* from C'® and O" from 0", it is plausible

that most of the particles are in fully ionized state.
1.2.3 Ionization States of Galactic Cosmic Rays

The only experiment aimed at estimating the ionization state of
GCR was conducted by Kaplan er al. [1952] who considered the
dependence of GCR flux on the geomagnetic latitude and measured them
in two high altitude balloon flights at different latitudes. One
flight was made at Minnesota (geomagnetic latitude A = 55%) and the
other at White Sands (A = 41.7°). The residual atmospheric pressure
in both the cases was ~15 millibar and the same apparatus was used
in both the experiments. The flux of GCR was measured at A = 55° and
the expected number of particles at A = 41.7° was calculated from
the measured flux at A = 55° by assuming that the GCR particles
which enter the earth’s magnetic field are either i) fully ionized,
or ii) partially ionized and retain only their K-shell electrons, or
ill)  partially ionized and retain both  K-shell —and I-shell
electrons. The cutoff energies for different nuclei at A = 41.7°
under these three different assumptions of ionization states are
given in table-1.5. In table-1.6, the calculated number of particles

are compared with the actual number observed.
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Table-1.5 : Cut-off energy (BeV/n) for particles at geomagnetic
latitude A = 41.7°”

Elements
Fe Ca Si Mg Ne
Completely Stripped 1.35 1.50 1.50 1.50  1.50
Retaining only K-shell 1.21 1.29 1.21 .16  1.09

electrons

Retaining both K and L 0.655 0.525 0.20 0.07 0
shell  electrons

" From Kaplan er al. 1952

Table-1.6 : GCR particles stopping in the stack at A = 41.7°7

Elements
Fe Ca Si Mg Total
No. observed 3 1 2 0 6
No. of particle which
should be seen stooping 3.8 1.5 0.6 0 5.9

if fully ionized

No. of particle which

should be seen stopping 5.4 2.8 4.4 2.3 14.9
if only K-shell electrons

are present

No. of particle which

should be seen stopping if 17 13 53 65 148
both K and L shell electrons

are present

No. observed below cut off 0 0 0 0 0
of fully ionized particles

" From Kaplan et al. 1952
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“As can be seen from the table-1.6, energetic heavy nuclei enter
the earth”s magnetic field cither completely stripped or retain at
most one or two electrons. Thus the GCR particles are considered to
be fully ionized. However, the results of direct measurement of the
ionization state of individual ions in the low energy domain (20-125
MeV/n), presented in this thesis, clearly indicate the presence of
partially ijonized iron group particles in GCR. This is a significant

new observation which is discussed in detail in chapter five.
1.2.4 Jonization States of the Anomalous Cosmic Rays

Several indirect methods have been adopted to measure the
ionization states of the ACR particles. The hysteresis effect or the
phase-lag effect that occurs between the low rigidity GCR and high
rigidity ACR particles (if they are partially ionized), was used to
infer the singly ionized state of the ACR helium [McKibben,1977].
However, Klecker et al. [1980], who have also used a similar
approach, concluded that the most probable ionization state for the
ACR oxygen is +2 with an upper limit of +4. Cummings er al.[1984]
considered the dependence of the spectral shape of the ACR species
on their ionization state and the rigidity dependent diffusion
coefficient, assuming all the ACR species to have similar  spectral
shape outside the heliosphere, and concluded that ACR He, N, O and
Ne are in singly ionized states. McDonald er al.[1988] compared the
demodulated spectra for ACR He and O during the last solar minimum,
assuming different ionization states, and inferred that they are

predominantly in +1 state.



The ‘approach of Mckibben and Klecker et al. are based on the
model of O’Gallagher [1975] and O’Gallagher and Masylar [1976] in
which the higher rigidity (energy) cosmié ray particles take less
time to propagate from the heliospheric boundary to earth than time
taken by lower rigidity (energy) particles. The intensities of the
high energy particles at 1 AU, therefore, reflect a more recent
sampling of the modulating conditions in the heliosphere than the
low energy ones. Thus, to a first order approximation the low energy
particles follow the time variations of the high energy particles.
(i.e those detected by neutron monitor data ), but with a time lag.
The time lag would be inversely proportional to the B.R (where, B =
v/c and R is the magnetic rigidity (momentum per unit charge)). This
effect was studied during the depression in the intensity of GCR
particles at 1 AU for the period Jan,1974 to Dec,1975. The time lag
between the Deep River neutron monitor data and the oxygen flux
(E=7.6-24 MeV/n) obtained from IMP-8 are shown in fig.1-12. From the
study of the time lag effect between the neutron monitor data and
the low energy (<25 MeV/n) ACR He and O, compared to the high energy
(-30-70 MeV/n) GCR proton and helium, it is concluded that.ACR He

and O ions are in +1 and +2 ionization states respectively.

Cummings er al. [1984] have derived the flux for the ACR He, N,
O and Ne by subtracting the low energy solar/interplanetary and
higher energy galactic cosmic ray component from the data obtained
by the Voyager spacecrafts during 1977-78. They assumed that all the

ACR species have similar spectral shape outside the heliospheric
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boundary. Therefore, following the suggestion of Fisk [1983], they
argucd' 'th’at the spectral peaks of these species should occur at
those energies where their interplanetary diffusion coefficients are
the same, and concluded that the obserQed ACR particle fluxes and

their peaks are consistent with their being in singly ionized state.

McDonald er al.[1988] have measured the galactic and anomalous
H, He and O flux for four different time periods [fig.1-13]. The
modulation parameters were determined more accurately from the
galactic He flux (E=150-450 MeV/n) measured at larger heliocentric
distance (-38 AU). Same modulation parameters were used to
demodulate three sets of data for anomalous He and O, obtained
duringr 1978, 1986 and 1987, assuming different ionization states.
The interstellar spectra derived for the three different periods are
shown by three different symbols in fig.1-14. It is clear that all
the data sets for oxygen fall on the same line when they are assumed
to be in +1 ionization state. This is true even in the case of
helium. The left hand side of the fig.1-14 show that the spectrum
reproduced from three data sets do not match if the oxygen particles

are assumed to be in +2 ionization state.

Thus there is a general consensus that the ACR particles are
predominantly in singly ionized state. Since the ionization state of
ACR is a crucial parameter for pinpointing their source and origin,
a direct determination of the ionization states of individual ACR
lons was needed to firmly establish the above inference. We have

accomplished this task and have measured the ionization states of
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individual ACR ions in an experiment ‘conducted on board -Space
Shuttle Spacelab-3. The initial results from this experiment show
them to be either in singly ionized state or consistent with their
being in singly ionized state [Sing}i,1990]. We present in this
thesis (Chépter-_V) results from an expanded data base which confirm

the earlier result.
1.3 The "Anuradha" Cosmic Ray Experiment

The work presented in this thesis is based on the cosmic -ray
experiment Anuradha conducted on board Space Shuttle Spacelab-3
Platform (orbital inclination (A) = i570, altitude = 365 km) during
April-May, 1985. The experiment was jointly carried out by the
Physical Research Laboratory, Ahmedabad and the Tata Institute of
Fundamental Research, Bombay. The experiment payload contained solid
state.  nuclear track detector (CR-39 plastics) which has been
analyzed following space exposure to study the records of energetic
charged particles. The main objective of this experiment was to
determine the ionization state(s) of ACR particles using the
geomagnetic field as a rigidity filter. The same approach was also
used to determine the ionization states of low energy (20-150 MeV/n)
GCR particles present in the near-earth space. The ionization states
of low energy GCR particles were not measured earlier and such
measurements may provide new information on the possible differences
in the propagation history of the low and the high energy GCR
particles. In addition to these objectives there are a number of

other studies which were planned on the basis of this experiment.
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These include studies of the low cnér’gy GCR’Oxygenb spectrum near the
period .of last solar minimum (1985), studies vof sub-iron to iron
abundance ratio in low energy (50-400 MeV/n) GCR and search for the
presence of elements like Mg, Si etc. that are normally absent in
the ACR component. All these studies were feasible because of the
large collecting power of about 1600cm’.sr of the detector used in

this experiment.
1.4 Scope of the Present Thesis

The details of the experimental arrangement, pre-flight checks,
in-flight performances, post-flight analysis and the data handling
procedure in the Anuradha experiment has been described in a thesis
earlier [Singh,1990]. The ‘results of the ionization states of the
ACR particles obtained from the analysis of data from about a

quarter of the detector area has also been reported in that thesis.

In the present thesis, results obtained from the analysis of
data from about half of the detector area (400 cm®) are presented.
Following are the specific  scientific aspects discussed in detail in
the present thesis:

I) Results on the jonization state of ACR  particles from the
enlarged data set and their implications regarding  the
source of ACR.

2) New results on the ionization states of low energy (20-125
MeV/n) GCR particles and their implication.

3) Energy spectra of GCR oxygen particles in the energy range
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50-250 MeV/n, during the last near solar minimum, and a
check on the wvalidity of the calculated geomagnetic

transmission factor.

The plan of the thesis is as follows:

In chapter two we discuss the method followed in the present
work to determine the ionization state(s) of low energy particles.
We describe how the geomagnetic field can be used as a rigidity
filter to infer the ionization state of energetic charged particles.
We also describe the nuclear track technique, used to determine the
atomic number, mass number and energy of the charged particles from
the records they left behind in the plastic detector. The
instrumentation part is described in brief as these are already
discussed in detail earlier [Singh,1990]. In chapter three we
present data on detector calibration and the method used to compute -
particle’s range, energy etc.. The data acquisition procedures and
the method used to determine the arrival position and arrival
directions of the low energy charged particles in the Spacelab-3
orbit are also discussed in this chapter. Chapter four deals with
the method of computing average geomagnetic cut off rigidity and the
transmission  factors  for  energetic  charged particles at the
Spacelab-3  orbit. The results - obtained for the  Spacelab-3
orbit-averaged flux of the low energy (50-250 MeV/n) GCR oxygen
particles are also presented in this chapter. An inter-comparison of
this flux with interplanctary flux during this epoch has been done
to check the wvalidity of the computed geomagnetic transmission

factor. The method used to obtain threshold rigidity for individual



ions, based  on their  arrival - position  and direction is also
discussed in this chapter. In chapter five we present the results
obtained on the ionization staées of low 'energy particles in two
parts. In the first part the results on the ionization state of ACR
particles  are presented,  followed by a discussion on their
implications regarding the source and origin of the anomalous cosmic
rays. The second part contains the new results on the ionization
state. of low energy iron-group particles and a discussion on the
most probable source for the partially ionized iron group particles.
As most of the evidences support them to be of GCR origin, a
plausible model for the production of partially ionized iron group
particles in the low energy GCR is also presented. The final chapter
(Chapter six) contains a summary of the results presented in this
thesis, their implications and the scope  for further work in this

darea.
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CHAPTER 1I
EXPERIMENTAL APPROACH AND INSTRUMENT DESCRIPTION

In this chapter we discuss the method used in the Spacelab-3
Anuradha experiment for the determination of the ionization states
of low energy particles. In addition a discussion on the Nuclear
Track method used for identification of the energetic charged
particles, and a brief description of the experiment payload are

also included.

2.1 Measurement of the Ionization States of Low Energy

Charged Particles

Direct measurement of the ionization state of energetic charged
particles, using conventional particle detector, is not possible
because the particles attain their equilibrium charge states through
interaction  with the detector material itself, irrespective of
their initial ionization states. The electrostatic charge analyzer,
used for measuring the ionization states of low energy SW, SEP and
trapped ~magnetosphere particles (Chapter-I; section-1.2), gives us
only the average ionization state of these particles and cannot be
used in the case of the higher energy ACR and GCR particles. In the
Anuradha experiment, we have utilized the geomagnetic field as a
rigidity filter for estimating the upper limit on the ionization
state of individual ACR and GCR ions. In the next section we discuss

in detail the method used by us.
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2.2 Geonﬁagnetic Field as a Rigidity Filter

The entry of energetic  cosmic rays into the earth’s
magnetosphere is controlled by the geémagnetic field. For each point
in the magnetosphere and for each direction of approach to that
particular point , there exists a minimum value of magnetic rigidity
(i.e momentum per unit charge), called geomagnetic cutoff rigidity.
Particles possessing rigidity less than this value cannot reach that
point from the specified direction i.e the particle does. not possess
enough energy to cross the magnetic field barrier. Heﬁce, one' can
use the geomagnetic field as a rigidity filter to find the
ionization state of an energetic charged particle that reaches a
detector inside the magnetosphere, if the momentum of the charged
particle is known accurately along with its arrival point and
direction within  the magnetosphere. This simply follows from the

relation,

N*
IA

o]

(@)

.(2.1)

?|

* . . . . . .
where, Z is the upper limit on the ionization state of the
particle, p is its momentum, R is the geomagnetic cutoff rigidity
C

and ¢ is the speed of light.
An expression for the geomagnetic cutoff rigidity with a dipole

approximation for the geomagnetic field was first given by Stormer

[1930]:

46



M. Cos* A ' _
: S .. (2.2)

R (r,0,9,0) =
< ) ' . 11242
r [l+{1 - Sin®. Cosé. COSS?\.} ]

where, Rc is the minimum rigidity required by a particle to reach
geomagnetic latitude A at an angle O from the local zenith and ¢
from the local east (see fig.2-1). M is the dipole magnetic moment
and r is the distance from the center of the dipole to the arrival

point of the particle.

Vallarta [1948] showed that there exists a range of al].owéd and
forbidden bands in magnetic rigidities above the Stormer’s cutoff
value. This effect is caused by the earth which is an extended
object and produces a "shadow effect" on the particle. The width of
this shadow-zone varies between 10 to 100 percent of the value of R
at the earth’s surface for zenith angles <45°. Based on the above
relation and including the shadow effect, one can predict the
expected intensities of cosmic rays at different locations on earth
within the frame work of a dipole field model. However, many a
discrepancies were noticed between the expected and . the measured
cosmic ray intensities at various geographic locations [Rose er
al,1956; Kodama and Miyazaki,1957; Pfotzer,1957; Rothwell and
Quenby,1957; Simpson,1957; Skorka,1958]. A disagreement between the
observed and the predicted values of cutoff rigidities for
o-particles was also found [Waddington,1956; McDonald,1957]. Quenby
and Webber [1959] argued that a simple dipole representation of the
earth’s magnetic field may be the reason for the observed
discrepancies and proposed that  one must take into account the

non-dipole nature of the geomagnetic field .
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Fig2-1 A schematic diagram showing the entry of a charge particle

in earth’s magnetosphere ar q geomagnetic latitude A. The azimuth
angle is measured Jrom local east and denotes the local zenith

angle.
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The geomagnetic field can be expressed mathematically as a
negative gradient of a specific p.otential U, ie B = A*V U. The
expansion of the potential in spherical -harmonics was first used by
Chapman and Bartels [1940] to describe the geomagnetic  field.
Following Chapman and Bartels, we can write the potential in

spherical coordinate as follows:

max n

U=R, Z ( g7 Cos(md) + h™ Sin(mg) J P™ Cos(®) [ R }"4"1.._(2.3)

E
T

n=0 m=0

where, O and ¢ are colatitude and east longitude respectively, P': is
the suitably normalized associated Legendre functions of order m and
degree n, g': and h:’ are the gauss coefficients, r is the radial
distance from the center of the earth to the location at which the
magnetic field is evaluated, and RE is the mean radius of the earth

(6371.2 km).

The different magnetic field components are,

_sU
B =-35

_1aU
By =- 12U o (2.4)

B. =. 1 aUu
) r Sin¥ 8¢
For such a field representation one can calculate the cutoff
rigidity for a particular  point and  direction  within the
magnetosphere by what is known as the "trajectory-tracing" method.

In this approach one considers the equation of motion of charged
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particle in the geomagnetic field: .

R q . dR . (2.5)
— = ( _ XB ]
dt mc\ dt

and the trajectory of the individual charged particle is traced
backwards by considering the particle charge to be negative and
moving outward from the earth, anti-parallel to the direction of its
approach. The cut-off rigidity is defined as the minimum value of
rigidity for which the particle escapes from the magnetosphere into

the interplanetary space.

Thus, one can calculate the  cutoff rigidity by  the
trajectory-tracing method, if the arrival position and  arrival
direction of an energetic  particle at a given point inside the
magnetosphere are known. If the particle’s momentum can also be
obtained independently, the upper limit of its ionization state can
be determined using relation 2.1. This has been accomplished in the
Spacelab-3 Anuradha experiment and is the main subject 'matter of the

present thesis.

2.3 The Nuclear Track Method

E

The passage of energetic  charged particles in  dielectric solids
lead to ionization-induced damage in the structure of the solids
along the paths of the charged particles. If the ionization loss
rate  exceeds a certain  critical value,  characteristics of each

dielectric solid, the structural damage trails are  stable under
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ofmal envifonmental conditions, and can be seen directly by
traﬁémiséion' eIectfon microscopy or can be enlarged by suitable
_chemical etching and seen by conventional optical microscopes. The
{‘latcnt or chemically etched davmage trails produced by the passage of
':e'nergetic charged particles in solids are called nuclear tracks. The
;cgistration threshold ~ for  different  dielectric  solids differs
widely; while a sensitive plastic like cellulose nitrate can record
tracks produced by iow energy «-particles, silicate minerals, like
those found in terrestrial and extra-terrestrial samples, record
‘tracks only of energetic particles with atomic number 7>20, e,
~ primarily of the iron group and heavier ions. As the ionization loss
_rate of charged particles in any medium reaches a ma‘ximum near the
end of their range, nuclear tracks are produced only near the
stopping point of the ions irrespective of their initial energy. The
-track length is thus a function of the atomic number of the track

producing particle.

2.3.1 Track Formation Mechanism

Fleischer er al. [1975] have reviewed several propdsed track
formation models. At present, the model based on the criterion of
the Restricted Energy Loss (REL), introduced by Benton [1968], is

widely accepted. Charged particle upon traversing matter, loses its

energy predominantly through collision with atomic electrons. The
rate of energy loss will depend on the atomic number z of the
charged particle, its velocity v and nature of the stopping
material. In thé case of a low energy (few MeV/n) particle, energy

is lost through many low energy collisions with atomic electrons and




the secondary ionization and excitation produced by the low energy
reéoil ‘beléctrons will be confined- to a small - cylindrical volume;
whereas, in the case of high energy (GeV/n) particles, many high
energy (up to several MeV) recoil eléctrons (8-rays) are produced.
Because of their considerable range (up to few millimeters) these
high energy electrons transfer or deposit their energy far from the
particles path. Since the latent tracks have typical diameter of
< 100 A in polymers [Fleischer er al.,1975], such high energy d-rays
will  not contribute effectively to the track formation process.
Therefore, it is convenient to separate the total energy loss term
into two parts according to the energy imparted to the recoil

electrons.

(dE/dX)ToLaI = (dE/dX) oo T (dE/dX) o< 2.7)
0 0

where, the value of @, is chosen in such a way that all the
electrons having energy less than this value will contribute to the
track formation process. One can therefore write the Bethe-Block
formula for the total energy loss rate in two parts and the energy
loss rate responsible for track  formation, termed, the restricted

energy loss rate, is expressed as,

dX

2 02 .2

(dEJ 2 Tn (z*) rz moc2 In 2 My By Do Bz 2C 5 .(2.8)
- 2 LA

w<o, Bz Iadj

where, y = (1-p2)"1/2

n = density of electrons in the stopping material



He

z = effective charge state of "t_he ioniiing particle
- zl:l-exp (-125[3/22/3)]
z = atomic number of the ionizing particle

2 2 . .
r =e¢ /moc , the classical electron radius

0
I = mean excitation potential of the material
adj

c _ . . .

— = tight binding shell correction

Z

Z = mean atomic no. of the detector material.

i

d = correction for the polarization effect,

The parameter ®, is the average recoil energy of an electron
which  delineates between the contributing  and non-contributing
electrons to the formation of the latent track region. , 1S an
adjustable parameter and in case of CR-39 plastic detector, the best
value that matches the experimental data is 350eV [Henke and

Benton,1987].
2.3.2 Chemical Processing of Latent Tracks

Chemical processing of the latent tracks is needed to make them
observable ‘in a conventional optical microscope. The choice of the
chemical for track etching depends upon the detector material used
and should be such that the rate of dissolution of detector along
the latent track (generally known as track etch rate, Vl) 1S much
higher than the average dissolution rate of the detector material

(generally known as bulk etch rate, V ).
g

n
w



The fdr’mation of an etch cone around the path of an ion can be
visualized * from fig.2-2. At each position on the plastic surface,
the bulk etch rate Vg acts in all directions. Hence, after a time t
the material removed from thé surface is given by an amount Vg.t. As
VL>Vg , -the removing of material along the path of the particle will

be much faster, and we get a conical shaped pit or a nuclear track.

For a charged particle with a given energy, the etching rates
Vl and Vg depend on the nature of the detector material and the
nature of the etchant and the etching temperature. It is necessary
to optimize these parameters for a given experiment. In the
Spacelab-3 Anuradha experiment we have used a specially prepared
plastic detector (CR-39; DOP) which is extremely sensitive with the
capability of registering tracks of charged particles with Z/B > 8.
To achieve a good charge resolution and to be able to study both the
light and heavy ions (Z = 6 to 26) at the same time, we have etched
the CR-39 detectors, following their space exposure, in a 6.25N NaOH
solution at (70 * 0.2)0C for six hours. These conditions are based

on studies of tracks in auxiliary CR-39 detector exposed to
energetic beams of He, C, N, O, Ne, Al and Fe from the Berkeley
Bevalac (USA), the Linear Accelerator at Dubna ( Moscow) and the
Variable Energy Cyclotron at Calcutta, (India) prior to etching of
the Spacelab exposed detectors. The bulk etch rate Vg for the CR-39

detector was found to be -1.3 micron per hour for the above etching

condition.
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Fig.2-2 Side view of an etched track. The material removed from the

surface is Vg.t and the cone length is Vt.t. [From Enge, 1980] -
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2.3.3 Track Geometry

The geometry of a track depends on the aﬁgle of incidence and
the energy loss rate of the charged particle and hence on the
etching rate. A track can be approximated by a hollow etched pit.
The opening of the track takes the shape of an ellipse unless the
particle enters the detector vertically. From the projected view of
an etched track on the detector surface, as seen under the
microscope (see fig.2-3), the following quantities can be measured:
1) projected length (s), 1ii) the semi-major axis (a), iii) the
semi-minor axis (b), iv) the radius of the tip of the track (r) and
v) the depth of the tip from the etched surface (z). The etched

tracks can be classified into the following categories:

1) ST (sharp tip): The etching is stopped before the etchant couid
reach the stopping point of the particle (fig. 2-4(a)).

ii) RT (round tip): The etching progressed even after the solution
reached the end point of the particle’s range. The bulk etching
around the end point will give rise to a RT track
(fig.2-4(b)).

iii) DC (double cone): When the particle passes through in an etched
plastic detector sheet, but the energy loss rate is high enough
to produce tracks, two ST cones are formed at the entry and
exit points of the particle on the two surfaces of the detector
and we get a DC (fig.2-4(c)).

iv) JDC (joint double cone): If the energy loss rate is rather high
in case of (iii), the higher etching rate will lead to merging

of the tips of the double cone, and, we get a JDC (fig.2-4(d)).
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Fig.2-3 The general case of cone which intersects the XY plane at a
dip angle 6. Here ¢ and ep represents the true and projected track
length respectively. The semi-major and semi-minor axes of the

elliptical opening are denoted by a and b respectively. [From

Benton, 1968]
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Fig.2-4  (a) Two views of a Sharp Tip track. (b) Round Tip track
(top and side views). (c) Double Cone (top and side vzews) (d)

Joint Double Cone (top and side views). [From Enge, 1980]
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For simplicity we will ‘assume Vl as a constant over. the etched
track ieﬁgth and express all .the track parameters in terms of the
measurable quaﬁtities following the approach of Henke and Benton
[1971]. Let us consider a ST track (fig.2-3). Here, a, b, s, r and
z are already defined. & and ¥ denote the incident or the dip angle
and the cone angle respectively. From the measurable parameters one
can find the relevant quantities like the true track length Lr, the
dip angle 9, the bulk etch rate Vg and the etch rate ratio Vt/Vg in

two ways:

I. From the measured values of s, z, b and r:

Sin(8-9) = K1) + z [ -2 + 27
(S“r)z + 22
=z(s +72° )‘1/2 [for ST; r=0 ] .(2.9)

Sin(®) _ b [z> + b% - 2 . g

Sin(o) 22 + b

=b [z + b " [for ST; r=0 ] ..(2.10)

From equation (2.9) and (2.10) one can calculate the values of

o and ¥. Remaining quantities can be calculated as follows,

Vl/Vg = 1/Sin(9)

L = (z+r) / {Sin(8)-Sin(®)) 2.11)

i

and, v
4

It

( Lr Sin(9) + 1) /t

where, t is the etching time.
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IL. From the measured values of s, a, b and 1 :

2 2,1/2
tan(9) = @ -b) z; b7) X

[ b*(s-r-a)” - (a®-b%) (b%-r?)]'"" -r(s-r-a)
(s—r—a)z - (a2 - bz)

[g&ﬁﬂ”} x [ (s-a)” - (@%b T [for ST: 1=0 ]

(2.12)

Vl/Vg = 1/Sin(9)

Sin(8) =[a® Sin®(9) + b* Cos*(9) 1'* 1a
[s~r-a + (2% - pyl” J / Cos(5) (2.13)
(L Sin(9) + r ) /t

L

r

and, A%
g

Il

The value of the dip angle 6, can be obtained most precisely
from measurement of the tip to tip distance,D’, and tip to tip
depth, Z’, of a double cone (see fig.2-4(c)). The value of & can
then be used as an additional parameter to calculate the values of
Lr, Vl/Vg etc. These measured parameters are thgn used for
identification of the atomic number of the track forming particles.
The stopping point of a track provides the particles range in the
detector and hence its energy and momentum can be estimated using

range-energy relation appropriate for the detector material.
2.3.4 Particle Identification

Identification of the atomic number and the mass of a track

producing charged particle can be done by using the conventional
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E-dE/dX mé’thod, where E is the energy of the incident particle at a
givén point and dE/dX is the energy loss rate at that point. As
discussed earlier, it is the restricted energy loss rate (REL),

(dE/dX) w<w and not the total energy loss rate that contribute to
0

-the track fbrmation, and in the following dE/dX will refer to REL
unless otherwise stated. The track length (L)v or the track etch rate
(Vl) of a track producing particle at a given point in its path is a
function of its energy loss rate (dE/dX) at that point, and the
residual range (R) is related to the energy of the particle at that
point. So, we need to have a calibration curve (L, V[ vs R) fbr
different charged particles for their identification from the track
data. To construct the Vl vs R plot for different ions in a given
detector one has to first cbalibrate the detector by exposing it to
particle beams of known energy. This will be clear from fig.2-5. In
this figure a schematic of tracks formed by an energetic heavy ion
in successive sheets of plastic detector is shown. The length of the
track increases as the energy (residual range) of the particle
decreases. This | is expected because restricted energy loss rate
(dE/dX) increases with decreasing energy (fig.2-6). Thgrefore, the
dE/dX-E curve can be converted to a (L, VL—R) curve. In practice,
one more often uses the parameter Vl/Vg instead of Vl , where Vg is
the bulk etch rate. Such a representation takes care of small
spatial non-uniformity in the bulk etch rate of the detector. Once
the Vl/Vg—R plot is obtained for one or more energetic ion species
with given atomic number(s) from calibration experiments, one can
generate a relation between track etch rate and dE/dX, which is true
for all charged particles. The Vl/Vg—R plots for ions with different

atomic numbers can be obtained from the above relation considering
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the appropﬁate energy loss rate and range- energy rélations’ for
different ‘ions in the detectbr material. The identification of the
atomic number and mass of the track producing charged particles is
done by matching the measured values of VL/Vg and R for each track
- with the calibration curves for diffcrentv charged particles. The
calibration of the detector used in the present experiment will be
discussed in chapter-III. An example of a heavy ion track detected
in the present experiment is shown in fig.2—7. This photomicrograph
represents an iron ion which has produced a double cone in the first
detector sheet followed by a joint double cone in the next before
coming to a stop in the third detectof sheet where we see a round

tip track.
2.4 The Spacelab-3 Anuradha Experiment

The Spacelab-3  Anuradha experiment (IONS), was especially
designed to determine the ionization states of the low energy cosmic
rays using the geomagnetic field as a rigidity filter. A photograph
of the Anuradha instrument is shown in fig.2-8. This experiment was
carried out on board space shuttle Challenger (Spacelab-3) during
the last near solar minimum. The shuttle was launched into space on
29th April 1985 and it landed back on earth on 6th May 1985. The
orbit of the space shuttle had an altitude of about 365 km with an
inclination of 57° to the equator. The space exposure of the
Anuradha instrument started as soon as the shuttle cargo-bay doors
were opened, following the placement of the shuttle in its orbit,
For most part of the mission the shuttle was placed in a gravity

gradient mode, in which the nose cone of the shuttle was always
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Fig2-7 A photomicrograph of tracks formed by an iron ion in CR-39

plastic detector, as seen in the present experiment.
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Fig.2-8 The Spacelab-3 Anuradha cosmic ray instrument.
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pointing radially outwards.r Such a configuration is most suitable
for determining the arrival - direction of the energetic charged
particles incident on the instrument detector, one of the important
parameter in this experiment.v However, for the last 13 hours of the
exposure period, the shuttle was placed in an inertial frame of
reference, in which the nose cone of the shuftle was always pointing
towards a fixed direction in"the sky. Fig.2-9 shows the viewing cone
of the Anuradha (IONS) in Spacelab-3 experiment. The Z-axis of the
instrument was tlted by 25.15° towards the spacelab module to
reduce the earth’s shadow on the viewing cone of the instrument, in
the ’gravity gradient’ stabilized mode of the spacecraft. The total

collecting power of the detector was ~1600 cm?.sr.
2.5 Experimental Approach

We have already discussed (section-2.2) that the use of the
geomagnetic field as a rigidity filter for the determination of the
lonization state of an energetic charged particle require  the
determination of the momentum and the arrival location and direction
of the particle, which has to be supplemented by the estimation of
appropriate  value of the geomagnetic cutoff rigidity (RC). To
achieve these objectives the detector module used in the Anuradha
experiment was made of two co-axial circular passive  plastic
detector stacks. The first or the top stack was a single circular
sheet of CR-39, and was kept fixed during the exposure period. The
second or the bottom stack consisted of circular sheets of CR-39 and
lexan polycarbonate, and was made to rotate by step movement during

a part of the exposure period. A small gap was maintained between
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these two stacks.

An energetic charged paﬂicle incident on the detector stack
aqd coming to rest in the bottom stack can produce nuclear tracks in
both top and bottom detector stacks. If the particle was incident
when the rotation of the bottom stack was active, the track segments
corresponding to a particular charge particle in the top and the
bottom stacks will not coincide when the rotation is stopped. If at
the end of the rotation the angular shift between the track segments
in the top and the bottom stacks is denoted by © and the angular

speed of rotation of the bottom stack be @, then,

ot .(2.14)

@
]

where, t is the time interval between the arrival time of the
particle and the time when bottom stack rotation was stopped. This
is shown schematically in fig.2-10 with reference to the ’0’ lines
in the top and bottom stacks, which were coincident before the start
of the bottom stack rotation. The angles between these feference
lines were 191 and 132 at the time of arrival of the particle and at
the end of rotation of the bottom stack respectively. The exact
procedure of track matching will be discussed in the next chapter.
The arrival position (latitude, longitude and altitude) of the
particle is obtained from the knowledge of the arrival time of the
particle, as these parameters  for the Space Shuttle were
continuously monitored by NASA and were made available to us. The
arrival  direction of the particle in geocentric or local coordinate

System is  obtained by combining the following information:
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Fig.2-10 A schematic diagram fbr the procedure used to determining
the arrival time of a particle incident on the Anuradha detector. a)
The '0" lines on the. top and the bortom stacks were coincident
before the start of the bottom stack rotation (at T=0). b) At T:rl,
when the particle arrived the bottom stack has rotated by an angle

O the experiment was stopped and the angular

I c) At T=t2,
difference between the '0’ lines in two detector stacks was 1‘}2. The
angular difference O (= 132—1‘}1) gives the time of arrival of the

particle prior to stop of the bottom stack rotation.
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i)‘ arrival directioﬁ ~of the particle in- the detector (ie dip
anglé, azirhuth angle),. ii)' relative orientation between the detector
coordinate system and the Space shuttle coordinate system, and iii)
the orientation of the Space Shuttle - in  geocentric and local
coordinate systems. Coupling the information on the arrival position
and arrival direction with the geomagnetic field model, the cutoff
rigidity (Rc) for £he particular arrival location and direction of
each particle is determined by the trajectory-tracing method. The
info‘rmation, on the atomic number, mass, energy and momentum of the
charged particle incident on the Anuradha detector module waé
obtained independently by using the nuclear track method discussed
earlier. Combining these two data set we could determine the
ionization states of the charged particles incident on the detector

of the Anuradha experiment.
2.6 Instrumentation

A schematic diagram of the different components in the Anuradha
payload is shown in fig.2-11. The cylindrical instrument had a
diameter of 48 cm and a height of 56 cm with a weight of -50 kg. The
top enclosure of the instrument was a thin shell of aluminum about
75 um thick which was covered with a 12pum  thin thermal tape. The
total thickness of the top shielding was small enough to allow low
energy (210 MeV/n) CNO group particles to reach the top detector
sheet placed below the top shell. A five element rib - structure of
aluminum provided support to the top enclosure. The top detector
stack consisting of a single CR-39 sheet of diameter 40 cm and

thickness of -337 pum was mounted on the top stack ring, which was

70



SPACEL.AB COSMIC RAY EXPERIMENT
ANURADHA (3 SAN 2/)

TOP ENCLOSURE SUPPORT

LOCK NUT

TOP STACK RING

BOTTOM STACK HOUSING

O'RING KEY
SHAFT
MAIN HOUSING
CIRCLIP
BOSS GUIDE PIECE

BALL BEARING

VALVE COVER PLATE
COUPLING

VALVE FLANGE
BOTTOM HOUSING

RiB

VALVE COVER PLATE:

CONNECTOR FLANGE

VALVE FLANGE

0'RING

COVER PLATE

ENCODER

COUPLING MOTOR
N 1
GEAR BOX ORING
BASE PLATE
BPACKET

Fig2-11 A three dimensional schematic view of different parts in

the Anuradha instrument.
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fixed to ‘t'he main housing of the instrument. The second or the
bottom stack consists of 149 circular sheets of CR-39 and lexan
polycarbonate, each with nominal thickness of about 250um and
diameter 38cm. The bottom stack was mounted on a vertical shaft
coupled to a 15-bit absolute  shaft encoder and a stepper
motor-gear-box assembly. A separation of ’500 Hm  was maintained
between the top and the bottom detector stacks. Suitable pulsing of
the stepper motor enabled the rotation of the bottom stack in small
steps of about 40 arc sec af suitably chosen time intervals. In the
present experiment, the time interval chosen was 10 sec and uﬁdcr
these conditions it took nearly 90 hours for one complete rotation
of the bottom stack. A temperature sensor was placed close to the
detector module to monitor the temperature inside the enclosure. The
instrument was pressur€ sealed and was maintained at 0.1 atm during
the flight by a pair of venting valves. The instrument electronics
were housed in a specially designed box at the base of the
instrument and were also fixed to the support structure above the
encoder box. The base plate of the instrument was mounted on a cold
plate. The instrument was wrapped with a multi-layer thermal
blanket. The stack movement and the temperature were monitored
during the experiment from the telemetered data of the encoder and
the sensor output. The temperature inside the detector module was
maintained within 25 o 40°C. The instrument  activation and
operation were performed through either crew-interface or Spacelab-3
on board computer via ground command. A detail description of these
procedures are given in earlier work (Biswas er al., 1986: Singh,

1990).
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2.7 Flight Performances

The space shuttle Challenger was launched from Marshall Space
Flight Center on 29th April, 1985, at Greenwich Mean Time (GMT)
119:16:02:18. Mission elapsed time (MET) was set to 000:00:00:00 at
the time of launch. The spacelab was first set in the gravity
gradient stabilized orbit and then activated at MET 000:02:07:35. A
power-on command was issued to Anuradha at MET 002:13:30:00 to
activate bottom stack rotation, but the instrument did not respond.
The fault was traced to a NASA interface between the instrument and
the on board computer and an alternate arrangement was made by the
crew members. The instrument was . finally put "ON" and the rotation
of the bottom stack was activated at MET 003:20:30:00. It was shut
off at MET 06:13:00:00, giving a total of about 64 hr and 30 min of
activation time during which the bottom stack was rotation was
active and thus the arrival information of cosmic ray particles
incident on the detector could be obtained. The encoder readings
before the start and following the stop of rotation were noted as 13

and 23456 respectively.
2.8 Post-flight Analysis Procedure

After the payload was brought back to the laboratory, it was
activated with the ground support equipments and the bottom stack
was rotated back to the starting position by ‘matching the encoder
reading to its initial value before the start of rotation of the
bottom stack. The two detector stacks were then locked by a

specially designed clamp and the entire assembly of the top and the

73



bottom detector system was taken to the Vanable Energy Cyclotron
Center (VECC) at Calcutta. Thc detectors were exposed to collimated
beam of 50 MeV alpha particles of -2-3 mm diameter in six positions
near the periphery and these were used for latér_ alignment of top
and bottom stack. These alpha particles beam could penetrate  only
the top four sheets of the detector module. The rest of the bottom
stack sheets were exposed to 1 GeV/n gold beam at § spots for
alignment and to 140.2 MeV/n iron beam at six spots for charge
calibration at the Berkeley Bevalac. The fluence of the gold beam
was so high that after the chemical processing circular holes are
formed at the beam spots, which served as good markers to align and
hence to follow tracks of particles in successive detector sheets in
the bottom stack. After the chemical processing with 6.25N NaOH at
7010.2°C for six hours, the single sheet top stack and the topmost
sheet of the bottom detector stack were mounted together on a
specially designed microscopic stage, that allow us to scan annular
strips of these two sheets together. The rest of the detector sheets
in the bottom stack wcré cut into four equal quadrants  after
chemical processing, and scanned under four different optical
microscopes. The detail of the scanning and calibration procedures

will be discussed in the next chapter.
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Chapter-III
DATA ACQUISITION AND ANALYSIS PROCEDURES

In this chapter we discuss the procedures adopted for data
acquisition and analysis in the Anuradha experiment. In particular,
we discuss the procedures for scanning the CR-39 plastic detectors
for identifying the individual events, as well as determining the
arrival time and arrival location and direction of each event. The
experimental  and  systematic uncertainties  in  obtaining  these
information are also discussed. Most of these aspects are discussed
briefly as they have been considered in detail by Singh [1990] while

presenting the initial results from this experiment.
3.1 Detection and Scanning Procedures

The scanning of the detector sheets were carried out in two
parts. The two top detector sheets, i.e the single circular sheet of
the stationary top detector stack labelled 1-0 and the topmost sheet
of the rotating bottom detector stack labelled 1-1, which provided
the information on the arrival time of the particles, were scanned
together. The bottom detector sheets which  provided information
needed for identifying each event, as well as for estimating their
energies and momentum, were cut into four quadrants and were scanned
separately using optical microscopes. The bottom detector stack also
provided data on the medium energy (50-250 MeV/n) GCR oxygen ion

flux discussed in the next chapter.



3.1.1 Scanning of the "Top" detector sheets

One of the most important parameter needed for determining the
ionization states of low energy cosmic ray particles in the present
experiment is their arrival time. The arrival location and direction
of a particle can then be obtained by combining the knowledge of its
arrival time with Spacecraft-orbit data. As already noted the two
topmost detector sheets (1-0) and (1-1) provide the requiréd
information on arrival time. This is done by matching the track
segments, prodﬁced by individual events in these two detector
sheets, and the relative angular displacement of the matched pair of
track segments can then be used for obtaining the information on the
arrival time. To simplify the matching of track segments in these
two detector sheets, we have scanned annular strips of the top two
detector sheets (1-0 and 1-1) placed together with their center
aligned. For this purpose, a microscope stage was specially designed
by combining two separate arrangements. First, a spare model of
Anuradha payload with all the associated electronics Was utilized
and the stage in this payload used to hold the "bottom" detector
stack, was used as the stage for the microscope. Both the detector
sheets (1-0 and 1-1) were mounted together on the stage. The center
of both the sheets were made to coincide with the center of rotation
of the stage which can be activated as in flight using a
ground-support computer system. In the second arrangement a Zeiss

optical microscope was used which could move only in Y-direction in

76



a X-Y plane. This two arrangements referred as‘R-_t‘} microscope stage,
were made in such g way that the microscope objective could move
only towards or away from the cenfer of the rotating  stage.
Therefore, we‘ could scan the detector, first over a small radia]
distance by moving the microscope objective and then going to a new
position by rotating  the stage in suitable angular steps. Repeating
this  procedure an annular  strip of the detector sheets could be
scanned. The microscope objective movement was  controlled by
coupling it to a linear encoder that provides Step-size of 1um, and
the angular Steps  were provided by the same experimental electronjcs
as in the flight payload and was monitored by a 15-bit absolute
shaft encoder as in the case of actual experiment. In the inijtia]
phase of data analysis, a 2cm wide annular strip from the periphery
of the detector, equivalent to a detector area of -200 cm® wag
scanned. All the four surfaces (upper and lower surfaces of 1.0 and
I-1 sheets) are scanned simultaneously. These data were reported by
Singh [1990]. In the next phase, we have now scanned a 3cm wide
Strip  inwards, equivalent to a detector area of another 200 cm?
All the events found during the scanning are assigned an' unique
event number. The data obtained from this scanning are reported in

this thesis.
3.1.2 Scanning of the lower sheets in the bottom stack
If an energetic  charged particle, incident on the instrument,

tan produce tracks in both 1-0 and 1-1 detector sheets and still hag

enough energy left, i 1s expected to Stop somewhere in the bottom
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detector stack. To identify the track fomiing‘ particle, in terms of
its mas‘.s’ and atomic number és well as to find its range, energy,
momentum etc. one needs to- know the stopping point of the particle.
For this purpose, the CR-39 detector sheets in the bottom stack (
starting from 1-2 onwards) were chemically etched under similar
conditions. All the particles (up to iron group), which could
produce tracks in detector sheets 1-0 and 1-1, have stopped within
the 15th detector sheet (1-15) in the bottom stack. To make the
scanning procedure faster, we have cut each of these lower sheets
into four pieces along four quadrants and scanned them under four

different optical microscopes.

The bottom stack detector sheets also provided data for the
orbit-averaged GCR oxygen ion flux at energies (50-250 MeV/n), which
are discussed in this thesis (chapter-IV). The main objective here
was to check the validity of the geomagnetic transmission factors
used in this study. To calculate the orbit-averaged flux of GCR
oxygen ions at different energies, we have chosen different sets of
detector sheets positioned at different points in the bottom stack.
The selection of the detector sheets are done, first by calculating
the ranges for oxygen ions in the CR-39 detectors with energies of
50, 125 and 250 MeV/n and from these ranges the position of the
sheets to be analyzed are determined by assuming them to have
uniform thickness (250um) and for an average incidence angle of 45°
The different detector sheets we have scanned for this purpose are
1-7 and 1-8, 1-41 to 1-46 and 1-59 to 1-66, and 1-129 to 1-130. The

. 0
corresponding energy bands, for acceptance angles between 30" and
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70° of incident particles, are SOilO; 125440 and 250+70 MeV/n

respectively.

The identification of the events during the scanning of the 1-0
and 1-1 sheets was done at low magnification (typically 100X)
whereas the measurement of the track parameters were carried out at
much higher magnification (530X). For the determination of the

oxygen flux at higher energies the scanning was carried out at 200X

to ensure hundred percent detection efficiency because of the -

extremely small number of expected GCR oxygen events, and the

measurement was done at a magnification of 1200X.
3.2 Calibration of the CR-39 Detector

The CR-39 (DOP) detector stacks used in the present experiment
were  specially prepared for us by Pershore Moulding (UK). The
response of the detector was studied, prior to the experiment, by
exposing it to the low energy C, N, O and Ne particle beams at the
accelerator facility at Dubna, Moscow. Following the successful
Space exposure of the instrument, the bottom stack (except the top
four sheets) was exposed to 140.2 MeV/n iron beams from the Berkeley
Bevalac, at six positions, for calibration purposes. As discussed in
chapter-II  (section-2.3.4) the identification of the atomic number
and mass of the track forming charged particles is possible if we
have a well established relation between track etch rate (Vl/Vg) and
restricted  energy  loss  rate (REL) for the detector under

consideration and for the given etching conditions. The accelerator
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iron-ion tracks, revealed dlong with the cosmic ray tracks during
the etchmg treatment, were used to obtain this relatlonshlp As the
ambient pressure and temperature during the space exposure of the
detector was somewhat different than those for the laboratory
exposure (O.l atm. vs. 1 atm; 25%40°C vs. » 22°C), we have also
identified a few cosmic ray iron events in the detector, and used
them for the calibration purposes. The final plot of REL wvs. Vl/Vg
obtained from inflight and accelerated beam calibration is shown in
fig.3-1. The relation obtained between REL and Vl/Vg can be written

as,
VIV =1+ 1.625%10"". (REL) + 5.835%10°"%, (REL)*%33'®

In practice, we measure the residual range and corresponding
Vl/Vg values from tracks formed by the charged particles. We have
used the appropriate E vs. (dE/dX)REL and Energy(E) vs. Range(R)
relations to generate the R — Vl/\/g plots for all ions from carbon
to iron. This is shown in fig.3-2 and was used in this work for the

identification of the track forming ions.

80



36.0 — | -
28.0 i~

F 20.0

12.0

4.0 —

— L
> 3 4 5 6 T 8 9 10

REL (MeV cm®g ") xi10°

Fig.3-1 The calibration curve of Restricted Energy Loss (REL) vs.

VT/VG (track etch ratel bulk etch rate).

81




I 1 T Tl T T 7 1T TTi] T 1 l

1
2. 40, 4

48
Ne Z*mg Psi 325 *nr Vea\l! 52, i
\\\\\ —

Lo gl ! Ll [ i

[
10 100 1000 5000

Lrpatd

|

21 !

Residual range (pm)

Fig.3-2  Calibration curves for the detector used in the Anuradha

experiment showing Residual Range vs. VT/VG for *C to *°Fe.

82



3.3 Determination of the Arrival Time of Individual Events

On  Spacelab-3, the total bxpos»ure time of the Anuradha
experiment was 154 hr. Out of this duration, for ~64 hr towards the
later part of the flight, the bottom stack was set into rotation.
'fhcrefore, one could determine the arrival time of those particle
events which were recorded in the detector during this period. These
particle events are referred to as the Rotating State Events (RSE)
or time annotated events, and the rest of the events which were
recorded when the bottom stack was stationary are referred to as the

Stationary State Events (SSE).

3.3.1 Scanning of Tracks in the Detector Sheets 1-0 and 1-1

The two cylindrical stacks of plastic sheets (the top and the
bottom detector stacks) in the Anuradha experimental module, were
mounted in such a way that the axis of symmetry (which was also the
~axis of rotation) passed through the centers of the stacks. During
the exposure, the gap between the stacks was kept at about 500 pm
and the bottom stack was rotated in steps of about 40 arc sec per 10
seconds in the counterclockwise direction. Angular position of the
bottom stack was measured by a 15-bit absolute shaft encoder. As
depicted in fig.2-10, the arrival time for a given particle event
recorded in the detector is thus encoded in terms of the angle by
which the bottom stack rotated by the time the particle arrived.
Therefore, determination of th.e arrival time of an event is reduced

to the following steps : (a) finding the track segments in the two



sheets (1-0 and 1-1) produced by the samé particle,' (b) measurements
of théir angular displacements, and (¢) use of telemetered data on
the angular rotation vs GMT, recorded every two seconds during the
experiment, to finally obtain the arrival time of the particle.

Since the information about the arrival time of a particle is fully
contained in the top two circular sheets only these two detector
sheets were mounted on the R-9 microscope after chemical
processing. Care has been taken to see that the centers of these

circular detector sheets coincide with the axis of rotation of the

stage, as in the case of actual flight payload. The positioning of
the detector sheets 1-0 and 1-1 on the stage of the R-9 microscope
could be done in a precise manner by taking help of two fiducial
marks (termed ’zero’; see fig.2-10) made on the top and bottom

stack detectors, prior to the flight , which correspond to zero

encoder reading. Following the relative angular positions of the two
sheets were also made the same as in the experiment proper prior to
the activation of rotation of the bottom stack. In this arrangement,
tracks segments produced on the two detector sheets could be
observed under the microscope in each field of view and a 3cm wide
annular strip equivalent to a detector area of -200cm? was scanned
and reasonably large etched tracks (> 22 um) from both the plates
were measured. The physically relevant quantities such as the track
length, ratio of track etch rate to bulk etch rate (V[/Vg), azimuth
and dip angles of incidence were computed from the measured values
of the track parameters like the projected track length, major and
minor axes of the elliptical opening of the track on etched surface,

diameter of the track tip and depth of the track, following standard
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~procedure [Henke and Benton, 1971]. The positions of each track in

the detector sheets were determined in' the R-9 coordinate system.
3.4 Matching of Tracks

In order to match the track segments prbduced by the same event
in the detector sheets 1-0 and 1-1, it is necessary to identify the
parameters  which could impose constraints on the candidate events
from these two detector sheets. The assumption made here is that
values of no parameter can change arbitrarily across the dcteétor
sheets i.e there must be proper correspondence for all measured
parameters across the two nearest surfaces; the lower surface of the
detector 1-0 and the upper surface of the detector 1-1, if the track
segments are produced by the same event. Several such parameters,
related either to the position and orientation of each track or to
the measured track parameters were chosen for this purpose. These
are:

1) Radial position: Radial position of the two candidate track
segments on the detector sheets 1-0 and 1-1 should be same
(after allowing for the 500um gap between the sheets).

1) Angle of incidence: Azimuth and dip angles of the track segments
should also be the same.

iii) Difference in the angular position: The difference in the
angular position of the two candidate events should be less than
the maximum angle of rotation of the bottom stack during the
experiment. This puts a limit on the maximum allowed difference

in the encoder value of 23469 which was the encoder readout



when the experiment was deactivated and bottom stack rotation

was stopped.

Track length and etch rate ratios: The track length (L), and,
the ratio of the track etch rate to the bulk etch rate (Vt/Vg)
should change only by a small amount over the two nearest
surfaces of the measurement (lower surface of 1-0 and upper
surface of 1-1) in majority of the cases. These two parameters
are however related and hence not independent.

v)  Minor axis: The minor axis of the elliptical opening of the
tracks on the two nearest surfaces provide a very good
constraint on the matching of the candidate cones as they are
expected to remain nearly constant. This is because of the fact
that the distance travelled by the particle between the two
points of measurement of minor axis is only the etched out

thickness from the respective two surfaces, which is about 15

pm.

3.5 Tolerance Limits on the Parameters used for

Identifying Matched Pairs of Track Segments

We have first completed measurements of track parameters for
all the stationary state events (SSE), before we attempted to match
the rotating state events. The stationary state events were very
easy to identify during scanning, since the detector sheets 1-0 and
1-1 were placed on the microscope stage in the same configuration as
in the experiment, prior to the activation of rotation of the bottom

stack. Thus the matched pair of the track segments for the SSE can
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be seen vin' the same field of view and identified easily. The
distributions of the differences in the values of various parameters
for the SSE across the two detector surfaces of 1-0 and 1-1 were
then considered as the basis of setting -the tolerance limits on the
corrcspon’ding parameters for the matching of time annotated or the
rotating state events (RSE). The only exception to the previous
statement is the distribution of the difference in encoder position
of the SSE, because for SSE it is expected to be zero, after giving
due allowance to the angle of incidence and the 500um gap between
the top and bottom stacks, whereas for RSE, the difference .in

encoder value provides the arrival time.

A total of 96 SSE events were matched successfully in the 3cm
annular strip scan from which data are presented in this thesis. Out
of these, 77 events had double cone (DC) in 1-0 and 1-1, for which
the dip angle values could be measured more accurately. In fig-3.3
the distributions in the difference in azimuth and dip angles,
radial positions, and minor axis for stationary state events are
shown. From the standard deviations of these distributions we have
chosen a tolerance limit of three standard deviations (30) in trying
to match candidates cases for the rotating state events. These
tolerance limits for matching the RSE events are :LQO, i130, +1300pum
and *1.6um respectively for the parameters azimuth, dip, radius and
the minor axis. In case of the parameters cone length (L) and Vl/Vg
the deviations are 5.0um and 0.8. If the particle stops in the
detector sheet 1-1 then no constraint was imposed on these two

parameters. The matching was done by a simple computer code which
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" llStS the probable ccandidate events that may match each event, for
which a search of matched palr is made, and the list is further
analyzed for identifying the actual matched pair. In general for
each event we get 1 or maximum 2 probable events because of the very
small number of events involved. In all we have been able to
unambiguously identify 45 matched pair of events in the 3cm scan.
The analysis of these events and resultvs‘obtained are presented in
chapter-V. We have also considered the random probability of
matching events in the present analysis. This can be calculated on
~the basis of the distributions in the differences in the various
parameters across the detector sheets for all the SSE. The random
matching probability associated to ith parameter Pri is equivalent
to the ratio of the width of the tolerance limit to the entire
possible range, if the distribution of values is -uniform. If for a
parameter the distribution is not uniform, the ratio of the averages
for the candidate events to that for all matched cones is considered
as the random matching probability associated with that parameter.

The random matching probability (R) is then given by,
R = Total number of candidates for matching * Hi P:

The value of R is extremely small because of the small number of
events involved. For example, if we consider just the tolerances in
azimuth angle, dip angle, radius and encoder difference, the value
of R is ~1/4000. In no case more than two parameters were allowed to
have extreme limits of their tolerance in choosing the matched pair

of events. Therefore, the above value gives a fairly good estimate
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on the random matching probability.
3.6 Arrival Direction and Location of Ever_lts Recorded

For the data analysis purpose, we need to know the arrival time
of the event, as well as the arrival direction in the local and
geocentric  coordinate  systems. As already discussed, the encoder
reading difference between the matched pair of tracks provides
information on the arrival time of each events. This also provides
information on the" arrival location, as the spacecraft’s position
was known at all instant of time. To obtain the information on
arrival direction in local and geocentric coordinate systems, we use
the azimuth and dip angles of the track in the detector frame of
reference as input parameters and make appropriate transformation as
outlined below. During the whole period of the flight, the encoded
angular position of the bottom stack, the time, and the position and
orientation at the spacecraft with respect to earth was recorded by
NASA for us at two seconds interval and data were provided to us
after the flight. Therefore, once the angular position of the. bottom
stack is obtained at the time of arrival of a given event, which is
simply the differences in the encoder reading for the matched pair
of events, the position and orientation of the spacecraft at that
instant can easily be determined. The position of the spacecraft was
recorded in terms of latitude, longitude, and altitude in the
geocentric  coordinate system. The orientation of the spacecraft was
recorded in terms of three Euler angles about roll (X), pitch (Y)

and yaw (Z) axes of the craft, which provided three rotation angles
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from  spacecraft’s body coordinate System to geocentric coordinate
system. The measurement of the azimuth and dip angles of incidence

for each event. ip the coordinate System of the detector was made

direction from the detector coordinate system o the coordinate
Systtm  of  the Spacecraft  is  achieved by a rotation in
- counterclockwise direction through an angle, (180° _ 25° 15'), ie,
154° 45',(where 25° 15 IS the angle between the zenith of the
instrument ang the z-axis of the craft) about the common y-axis of
the detector and the craft; this is evident from the fig.2-9 The
resultant vector was then transformed similarly to the geocentric
Coordinate systems using the three angles mentioned above. Again a
New rotation of the transformed vector in the geocentric coordinate
System was made, depending on the latitude and longitude of craft at
that time, to finally  obtain the arrival  direction in e local

coordinate system.

The error limits in the arriva position of g given event is
estimated from the uncertainty in the determination of the arriva]
time due to the uncertainty in the inferred encoder value at the
time of the particle arrival. The probable error associated with the
differences in encoder values for matched pair of tracks was
estimated by measuring the encoder readings for the matched pair of
tracks belonging to the stationary  state events. For all such events

the expected differences in their encoder values are calculated by
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first predicting the encoder value in 1-1 vforbcach event according
to the position and orientation of the event in 1-0 and the total
error associated in the encoder value was obtained by subtracting it
from the measured value for each event. We then subtract  the
systematic errors due to the misalignment of the circular sheets,
‘while placing them on the microscope stage for scanning, and found
that the standard deviation of the distribution for the encoder
reading difference for matched pairs of SSE events is 4.5, which is
equivalent to 145 seconds of uncertainty in arrival time. In the
analysis of data, the uncertainty in the arrival position of each
event was estimated by considering a worst case uncertainty of 90
sec in arrival time. The uncertainty in the~ arrival direction is
calculated from the errors in the determination of the azimuth and
dip angles of the particle incidence. In order to determine the
errors in the arrival direction in local earth coordinate system,
the transformations were also applied on the error limits of the
angle of incidence on the detector. The magnitude of the errors in
arrival  direction in geocentric and the local earth coordinate
systems, therefore, are the same as measured for the angle of

incidence in the detector coordinate system.
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- Chapter IV
GEOMAGNETIC CUTOFF AND TRANSMISSION FACTOR

In this chapter we present the result on the calculated values
of the orbit-averaged geomagnetic  cutoff rigidity —obtained by
trajectory-tracing method and hence the transmission factors at the
Spacelab-3 orbit as a function of the rigidity of the charged
particles. Results obtained on the Spaéelab{% orbit-averaged flux of
the low energy (50-250 MeV/n) GCR oxygen are also presentéd
alongwith a discussion on the validity of the calculated geomagnetic
transmission factors. Finally, we outline the method used to obtain

the geomagnetic cutoff rigidity of individual ions.
4.1 Geomagnetic Transmission Factor

The calculation of the orbit-averaged‘ geomagnetic transmission
factor for the Spacelab-3 orbit, as a function of particle momentum
~(rigidity), was done by determining the weighted average cutoff
rigidity (Rc) for 5° latitude x 5° longitude bins and combining this
data set with the fractional time spent by Spacelab-3 in these bins
during its space flight. To calculate the weighted  geomagnetic
cutoff rigidity for the 5° X 5° bins, the vertical cutoff rigidity
for the center point of each of these bins have been computed by the
“trajectory-tracing”  method using  the International Geomagnetic
Reference Field for the 1985 epoch. The trajectory-tracing is

performed by back-tracing the path of the energetic charged particle
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in the caﬁh’s magnetosphere and the minimum  rigidity required by
the panicle to arrive at the | particular bin of interest from
vertical ~ direction  (zenith=0, azimuth=0) is considered as the
vertical cutoff rigidity for that bin. A detail discussion on the
trajectory-tracing method is given in the last section of this
chapter. However, the cutoff rigidity in directions other than . the
vertical direction will depend on the zenith angle (9) and the
azimuth angle (¢) of incidence. To calculate the weighted
geomagnetic cutoff for each of these bins for the period of our
experiment, we first consider the vertical cutoff rigidity obtainéd
by trajectory-tracing method [Shea and Smart,1988] for each of these
bins. We then determine the cutoff rigidity values for other angle
of incidence using the f&lation between the Stormer’s cutoff RC, as

defined by the equation (2.2) and the vertical cutoff Rv :

R = R, (41)
[1+{1-Sin(9) . Cos(¢).Cos* (1)} 2

Since the viewing cone of the detector always includes the
local vertical in the gravity gradient stabilized mode of the space
shuttle, we subdivide the viewing cone in steps of 5° for the zenith
angles and 10° for the azimuth angles. The cutoff rigidity for each
of the 502611ith x 10° azimuth grids within the allowed viewing cone
for all the 5%atitude «x 50longitude bins are calculated by using
relation 4.1. The weighted rigidity for a particular
latitude-longitude bin is obtained by summing up rigidities over all

the zenith-azimuth grids and dividing by the total number of grids.
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",Thc averagé' valuev of the cutoff which ‘includes all the viewing
directions of the detector in a particular latitude by longitude bin
is accepted as the wc1ghtc;l geomagnetlc cutoff rigidity for that
bin. The relation (4.1) which was used-for simplicity in obtaining
the average values of cutoff rigidity over the 5° X 5° bins may
introduce some uncertainties in_ the calculatedv values of geomagnetic
cutoff rigidities. We have checked the magnitude of the possible
deviation by comparing the cutoff rigidiities for specific angle of
incidence obtained by the above approach and the trajectory- tracing
~method. The deviation is mostly  within  +10%  with occasional

excursions of up to 25%.

Once the weighted average cutoff rigidities for different bins
are known, we can obtain the geomagnetic transmission factor for the
energetic  charged particles from outside the earth’s  magnetosphere
to reach the Spacelab-3 orbit as a function of their momentum
(rigidity). It is Mmore  convenient to express the geomagnetic
transmission  factor in terms of fractional exposure time. The
fractional exposure time for a charged particle possessing a certain
rigidity can be obtained by summing up the time periods spent by
Spacelab-3 at those 5%latitudes X 510ngxtude bins for which the
cutoff rigidity is lower than the specified rigidity. The time spent
by the Space Shuttle at different latitudes is shown in fig.4-1. The
orbital period of the Space Shuttle was 92 minutes and it repeats an
orbit after every 31st orbit. The tota] number of orbits made by
Spacelab-3 during the exposure period of the detector was 116, As

depicted in fig.4-2, if we consider the ith orbit of the Space

95



SPACELAB -3 ORBIT

60°N
\ J
\\ 29 50" N
\\ 33 40 N
N—37 3dN
— 40 20°N
— 43 10° N
— 46 EOUATOR‘——ﬁ~ 92 —
49 — 89 —
52 _‘\ /[86 —
55 — 7 83
/
59 < ~ 79
N i
63 < — 75

[. ORBIT PERIOD = 92 MINUTES
2. INCLINATION = 57-I°

THE ORBITS REPEAT AFTER 3/* ORBIT
[1-31232-62 2 63-93a 94-124 u 125-145]
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Shuttle, particle with rigidity R can arrive only between the
regions a; to ‘a; and bi to b; where the cutoff rigidities are <R.
Therefore, the geomagnetic transmission factor or the fractional

exposure time for the particles with rigidity R can be written as,

Geomagnetic Transmission Factor for the particles with Rigidity, R

116

I

) [Orbital time spent between the segments a} to aé and b; to

1=

. -1
bé for the ith orbit ] X [Total orbital time)

The geomagnetic transmission factor calculated for particles
with different rigidities for the Spacelab-3 orbit is shown in
fig.4-3. As expected the geomagnetic transmission factor increases
with the increasing rigidity of the particle and reaches a value of

unity for R 2 25 GV.

4.2 Determination of Low Energy (50-250 MeV/n) GCR Oxygen Flux

and Test of the Geomagnetic Transmission Factor.

A special effort was made in the present study to check the
validity of the orbit-averaged geomagnetic transmission factors and
hence of the trajectory-tracing method for determining cutoff
rigidities.  We  consider this to be  important as  the
trajectory-tracing  method is used for the first time to determine

the ionization states of individual cosmic ray particle in this
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Fig4-2 A sketch showing a typical Spacelab-3 orbit and effective
exposure factor. Energetic particles with rigidity >R are recorded
when the Spacelab traverses from locations a ] fo a, and b ] o b2

where the cutoff rigidity is <R.
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Fig4-3  Fractional exposure time plotted as a function of effective

cutoff rigidity for the Spacelab-3 orbit.
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cxpcn’ment The basic approach used was to compare the Spacelab 3
orbit averaged cosmic ray ﬂuxce at dlfferent energies, corrected
appropriately  for geomagnctlc transmission  factors, with those
measured directly outside the magnetosphere. An good agreement
between these two sets of values was considered as a measure of

validity of the computational method used.

To obtain the galactic oxygen ion fluxes in the energy interval
of 50-250 MeV/n, we have selected different sets of CR-39 detector
sheets positioned at different shielding depths within the bottom
detector stack. The different set of detector sheets analyzed, area
scanned and the corresponding  average energies of oxygen particles

are given in table-4.1.

The orbit-averaged oxygen ion fluxes are calculated using the

following expression,

F = N (4.2)
A.T.dE . dQ.E

where, N denotes the number of oxygen particles detected in a
particular set of detectors, A is the area scanned. T is the total
exposure time (5.57 x 10° secs), dE and dQ are the effective energy
interval and solid angle of acceptance respectively and & is the
detection efficiency. The solid angle of acceptance in these
measurements was restricted to dip angles (8) between 30° and 70°
and the product of dE and dQ for a given energy range was obtained

using the expression:
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- 70° -,
dE.dQ = Z {(Emax-Emin)*(q)z-qyl)* [Cosz(Sl)—Cosz(Sz)J}. (43)
=30°" | . :

step, i=5° |

where (¢2-¢l) is the allowed azimuth angle, which is 2rn for an
unobstructed view of the detector. The pfoduct of (¢2-¢1) and
(Cosz(81)~Cos?‘(82)J gives the effective solid angle for a particular A
bin, and Emax—Emin is the corresponding energy interval calculated
at dip angle steps of 5°. The results are summed up numerically to
obtain the effective value of dE.dQ. The calculation of the
effective  solid angle for the detector, which takes account of
various factors like obstructions due to Earth, Spacelab-3 module
and rib structure on the top of the instrument are discussed in

detail by Singh [1990].

The value of the detection efficiency & ~depends on the
recordable track length of the oxygen ions in the detector under the
given etching ¢ondition and the thickness of individual detector
sheets. The . recordable track length of oxygen ions in fhe etched
CR-39 sheets was found to be ~90 microns for the etching conditions
used by us. Depending on the variation in the thickness of the

detector sheets, the value of § varies between 0.25 to 0.4.
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Table-4.1  Spacelab-3 orbif—avcragcd oxygen ion fluxes.

Detector sheet Area Scanned Energy Flux
. _

analyzed (cm?) - (MeV/N) (p/(mz.sr.sec.MeV/n))
1-7,1-8 125 35-55 (7.344.2):10°
1-41 to 1-47 66 85-133 (2.25+1.0)x10™

&
1-59 to 1-66 101-159
1-127 to 66 162-307 (5.31i3.7)x10'4
1-129

*
The detector sheets were sequentially numbered. 1-1 refers to the

topmost detector sheet of the bottom stack.

The orbit-averaged differential fluxes obtained for the three
different energy ranges are given in the table-4.1 along with the
relevant data. An increase in the differential flux with increasing
encrgy was expected both due to the lower transmissibility of low
energy particles compared to high energy particles, and also due to
the solar modulation of galactic cosmic rays in this energy range,

which suppresses the flux of low energy particles.

- To obtain the fluxes of oxygen particles outside the
magnetosphere from the Spacelab-3 orbit-averaged flux (inside the
magnetosphere), it is necessary to use the appropriate

orbit-averaged geomagnetic  transmission  factor or the fractional
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exposure time for the corresponding ‘energies. This was done by using

following relation:

Flux outside the magnetosphere in the energy interval E ] to E2
= [( Orbit average flux in the energy interval E ] o E2 inside the
magnetosphere) | ( Fractional exposure  time for the rigidity
interval R] to RZ)']
where, R ] and RZ are the rigidities corresponding to the energies E ]

and E2 Jor a fully ionized oxygen particle.

The results thus obtained are shown in fig.4-4. They should
represent the interplanetary GCR oxygen fluxes at 1 AU for the 1985
epoch. As no published data for interplanetary oxygen flux for this
epoch were available , we have derived the expected values from the
measured  flux  of interplanetary  helium by ISSE-3  during
Oct.-Dec.,1985 [McDonald and Lal, 1986], assuming a GCR o/O ratio of
(40.2+ 5.8) in this low cnergy range [Cartwright er al, 1971].

These values are also shown in fig.4-4.

The agreement between the expected interplanetary GCR oxygen
ion flux and those derived from our experimental data is quite good,
even though the error bars in the derived flux is somewhat large due
to the small number of observed events, This agreement gives us good
confidence in the validity of the trajectory-tracing method, which
was  principally used to find the orbit-averaged  geomagnetic

transmission factors.
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Figd4-4 The interplanetary GCR oxygen ion fluxes for the epoch 1985
as obrained by Anuradha experiment. The open diamonds represent the

oxygen fluxes inferred from interplanetary helium Sluxes as measured

by ISSE-3 for the same epoch.
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In addition to the above; we v.have also made a comparative study
of the modulation parameter ¢ obtained from the estimated
interplanetary oxygen flux from our ekpcriment with those obtained
from direct measurement of proton and o particles fluxes at 1 AU,
The modulation parameter was obtained using the expression suggested

by Gleeson and Axford [1968] =

J(E+0) (E+¢)>- E’ (4.4)

2 2
JI(E) E -E0

where, ¢ represents the energy loss per nucleon in travelling from
the heliospheric boundary to 1 AU.‘ JI(E) is the flux of the particle
with  total energy E (=E0+Ek) at 1 AU and Ji(E+q)) is the
corresponding - interstellar flux at energy E+¢. EO and Ek are the
rest mass energy and the kinetic energy per nucleon respectively. To
obtain the appropriate value of ¢, we use the flux at 1 AU for a
particular energy E, and consider different values of ¢ to evaluate
the interstellar flux for the energy E+¢. The ¢ value that yields
appropriate interstellar flux is then considered as the pfoper value
of modulation parameter for that energy. The calculation is repeated
for all the three encrgy ranges for which we have measured the
fluxes and a mean valye of ¢ is obtained. The interstellar oxygen
flux was taken for Webber [1983] and the proton and alpha spectra

were from Simpson [1983b].

In fig.4-5 we show our data alongwith the interstellar oxygen
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spectrum. The 'vélue of ¢ for the last near solar minimum (1985) that
best fit our data (the solid line) is 320430 MeV/n . The modulation
parameter for the same epoch (1985-86) from the data on proton and
helium ions [McDonald and Lal ,1986] are also determined. As the
modulation parameter ¢ depends on the mass to charge ratio of a
particle, we have taken the normalized modulation parameter @ (—

¢) for comparing the proton, helium and oxygen data. The @ values of
650420 MV and 670440 MV for proton and helium respectively, compare
favorably with 640+60 MYV obtained for oxygen in the present work.

A more TigoTous treatment of our data for evaluating the
modulation  parameter would require  consideration of the time
dependence in the COSmMIC ray transport equation, to make it most
appropriate for the minimum solar modulation period (1985 epoch).
Further, there could also be some uncertainty in the assumed
interstellar spectrum in the energy region <500 MeV/n. Even then,
the overall agreement, both in flux and in modulation parameter
provide proof for the validity of the trajectory-tracing method. In
the next section we discuss the approach used for determmmg the

geomagnetic cutoff rigidities for individual particles.
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obtained by the Anuradha  experiment are shown alongwith  the

interstellar spectrum. The solid line through our data s Jor a

modulation parameter, ¢ = 320 MeV/n.
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4.3 Géomagnetic, Cutoff Rigidities for Individual Particles

The cutoff rigidity of 4 charged particle is defined as the

lowest rigidity it can Possess and  still arrive at a  specific point

of arrival, Therefore, once the arriva] location and direction of

the charged particle are known, the trajectory of the particle can

The equation of motion can be written as :

R q . 4R 4.5
— = (h X B J
dt mct dt

The method of trajectory-tracing is reproduced here from the
reports of AFCRI, [Shea ez al.,1968; Shea er al,1975]. This is the
modified version of the original trajectory program by M(;Cracken et
al.[1962), where the modifications have been made to increase the
efficiency of the program.  Referring 1o the equation 4.5 We note
that if the sign  of charge q and (e direction of motion is
reversed, the equation remains unaltered; that is, the trajectory of
4 negatively charged particle leaving the earth is same as that of a

positively charged particle approaching the earth.

To integrate equation 4.5 numerically the components of the

Magnetic induction in spherical coordinates B, Bﬁ and B¢ should be
r
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known as explicit functioﬁs of ;0 and ¢.. We have} discussed in the
second . chapter’ how this éan be done by expressing the earth’s
internal magnetic  field in terms of a "potcntial expanded in
spherical harmonics. Sphcriéal harmonics of degree and order 10 is
found to be sufficient to represent the geomagnetic field properly
[Langel er al, 1982]. The gauss coefficient g‘: and h': defined in
the equation 2.3 are quoted in units of nanotesla for the epoch 1985
[IGRF revision 1985]. Thus, B is known at all the points for the
time period of our experiment (April-May,1985), and, it is possible
to determine the trajectory of the particle by numerical intcgraﬁon
of equation 4.5. In practice a fourth order Runge-Kutta method was
applied to solve the above equation. The problem is divided into two
distinct stages:

(1) Determination of the initial point and velocity of the particlé
on the trajectory  j.e (r,f},q))inm,ai and (V)initial’ which
provide the initial conditions for the integration.

(2) Tracing back of the trajectory of the particle  into

interplanetary space i.e outside the magnetosphere, to make

sure that it is a true cosmic ray particle.

All calculations are carried out for a single nucleon, but the
results are immediately applicable to other particles since the
trajectories of two particles with equal momentum to charge ratios

(rigidities) are identical.

The FORTRAN computer program for the trajectory calculation has

been provided by Shea and Smart. We have made required modifications
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as needed to suit our requirement. The gauss coefficients used were
as quoted for the epoch 1985. As the experiment was carried out in

April-May, 1985, we have not introduced any secular variation terms.

The initial position and the initial ‘vehlocity of the particle
provided the initial conditions for the integration and the
trajectory is calculated in small steps of time. Since the earth’s
magnetic field is not uniform, the gyration time is divided i_nto
small step. In our case the step size was one hundredth of the
gyration time calculated for the uniform field in the initial
position. This is chosen to compromise between the computation time
and the errors due to change in the magnetic field. After every step
the position and velocity of the particle and the magnetic field at
that position are recalculated. If the current value of velocity
differs from the initial velocity by more than 10'5, the integration
is declared unacceptable and the trajectory is recomputed with
previous step size divided in half. The gyration time computed for
the new position is again divided into 100 small steps.  The

computation is continued unless one of the following conditions are

met.

(1) If the particle’s trajectory goes beyond 25 earth radii then it
iIs considered as a true cosmic ray particle coming from
interplanetary  space, and the trajectory is considered as
allowed.

(2) If the distance of the charged particle becomes less than the

actual earth’s radius, that is, the trajectory has intersected
y
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the earth, the trajectory is considered as forbidden.
(3) If even after 40,000' steps none of the above conditions are

satisfied then the trajectory is considered as forbidden.

For each location, calculations were initiated with ga rigidity
high above the highest  possible cutoff and the cosmic ray
trajectories are calculated at discrete intervals of AR = 0.01 GV in
decreasing rigidities until we are satisfied that cutoff value has
been reached. As the calculation progresses through the rigidity
Spectrum  the result changes from easily allowed trajectory to the
complex structure of allowed and forbidden (called penumbra) zones
of rigidity and finally to a set of all forbidden trajectories. As a
result  of these types  of trajectories, three distinct kind of
cutoffs are defined. The main cutoff R(M), above which aj]
rigidities are allowed, the Stormer’s cutoff R(S) below which all

rigidities are forbidden and an effective cutoff R(C) defined as

R.

M
RC = RM .“[ Rallowcd
RS

The second term in the above relation allows for the opacity in the
penumbra. We therefore consider RC as the actual cutoff for ‘the
specific location and direction. The one dimensional plot in fig.4-6
Is a typical example for the penumbra Structure and three kind of
cutoffs. The results obtained on the ionization states of low energy
cosmic ray particles using the above procedure for estimating  their

Cutoff rigidities are discussed in the next chapter.
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Fig4-6  Typical penumbra structure Jor two events -détectéd in the

present experiment are shown. The allowed and Jorbidden zones for
different rigidity (in GV) of the particle are indicated by white
and black bands respectively. The numbers shown refer to two

specific events (see Table-5.4).
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- Chapter v
RESULTS AnD Discussions

The results obtained on the ionization states of low energy
COSMIC  rays in the Spacelab-3 Anuradha experiment and  their
implications are presented -in  this chapter in two parts. The first
part contains the results on the ionization  states of anomalous
cosmic rays and a discussion of thejr implications towards
understanding the source of ACR. In the second part the results op
the ionization States of the Jow energy (20-125 MeV/n) heavy nuclej
are  presented which clearly establish the presence of partially
ionized GCR heavy ions in the near-earth space. A plausible mode] to

explain this new observation Is also included.
Parr-] ; Anomalous Cosmic Rays
5.1 Ionization States of the Anomalous Cosmic Rays

The  main objective  of the direct  determination of the
ionization  state of individual anomalous  cosmic ray ions in the
present experiment was o unequivocally establish the source and
origin of these particles. The firgt results on the ionization state
of ACR based on the results from this experiment has been presented
in a recent thesis by Singh [1990]. 1In the present work the main
emphasis was (o expand the data bage from further analysis and

consolidate the results.



We have now un.ambiguously determined the ionization states of’
‘ thi_rteen ACR particles 01:1( of 18 time annotated ACR events in the
expanded data base. The details of these events are given in table —
5.1. The identification of the events is based on the track data
using procedure described in chapter II and III. The encoder
position refers to the difference between the encoder reading of the
matched pair of tracks from the same event as measured during the
actual scanning. This provides information on the arrival time and
location, which are also given in the table. The dip and the
azimuth angles refer to the direction of the entry of the particle
in the detector frame of reference, which are then converted into
arrival direction in geocentric and local coordinate systems using
appropriate coordinate transformations. These values for each of the
events are also given in the table. In table — 5.2, we show the
arrival time of each particle, their energies and momenta and the
cutoff rigidities calculated from the information on their arriQal
locations  and  directions using  the  trajectory-tracing  method.
Combining the data on the particle momenta and calculated cutoff
rigidities we show the results on the upper limits on the ionization
state of each particle in the last column of the table. Events
reported earlier in the thesis of Singh [1990] are also indicated.
These results show that 9 events (1 nitrogen, 5 oxygen and 3 neon)
have ionization state of 1%. The upper limits on the ionization
state. of 4 other ACR events are 2, 2%and 5 (oxygen) and 3
(nitrogen). The present data therefore substantiate the claim of
Singh [1990] for a singly ionized state for the anomalous cosmic

rays.
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Table-5.1

List of all time annotated ACR events and their arrival

location and direction.

Serial g Encoder Dip1L AziJr Arrival  Position Arrival Direction
No L:‘__3 position Long Lat Alt GmLat Geocentric Local

= Zen Azi Zen Azi

3 (deg) . (dcg) (dep) (km) (deg) (deg) (deg)
1 O 20581 570 279.1 » 97.2> -50.1 364.1 -57.9 144.1 -80.3 75.7 181.5
2 O 21072 383 1234 2.7 -51.5 367.4 -50.6 156.8 111.8 50.3 151.0
3 0 19937 57.8 1042 39.2 -47.0 366.2 -51.0 159.6 -135.8  63.3 181.9
4’ N 21390 56.8 1229 2124 56.9 365.7 59.7 111.7 235.2 80.8 291.4
5 N 17696 61.0. 215.2 135.1 -48.7 366.6 -54.1 141.2 62.0 45.3 2123
6 0 7330 59.9 3429 671 57.1 365.7 49.9 128.6 55.0 96.2 260.5
7 0 11240 409 10.0 231.0 52.2 363.2 57.3 142.3 290.7 116 305.9
8 0 13240 71.1 3435 1.0 -57.1 367.5 -55.7 127.5 188.7 85.3 263.8
9’ O 21365 63.9 1492 189.3 56.1 364.6 55.8 115.7 220.1 85.7 297.5
10’ 0 1748 72.6 1842 3326 51.5 365.2 54.9 84.7 309.2 50.5 239.0
1’ Ne 4515 812 575 175.1 56.9 365.3 54.7 104.6 188.8 72.3 284.0
12° Ne 14611 57.6 2468 92.5 52.5 363.2 44.5 96.1 85.3 58.8 261.6
13’ Ne 327 282 2017 405 52.2 365.5 47.0 39.8 7.9 20.4 171.9
14 N 9387 63.1 774 231.5 -27.0 355.7 -21.1 105.7 -47.3 75.2 100.3




911
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| =3

o]
Serial = Encoder  Dip Az Arrival  Position
No 2 position Long Lat Alt

3 (deg) ~  (deg)  (deg) (k)
15 0 20932 65.4 3189 303 15.7 358.4
16 0 22833 50 2987 5. -44.4 3616
17 0 17758 49.3 3324 1994 -54.7  365.9
18 Ne 11500 50.5 2326 219 43.6 364.8

a)

-t

-_— T

These events were analyzed during the first phase of scanning and
were reported by Singh [1990]

These events have ST tracks - at the stopping sheet. As their
stopping  point is not accurately known there could be large error
in residual range calculation and hence in identification,

The systematic error in dip and azimuth angle measurements as
evaluated from data on SSE, are + 4.0 deg & 43,0 deg respectively

(fig.3-3).

_—

Artival Direction

GmlLat Geocentric Local
Zen Azi Zen Azi

(deg) (deg) (deg)

22.5 106.6 -138.1  86.3 251.6
-45.3 136 -173.9  89.2 173.7
-_—
-51.8 111.4 17.2 104 2721
-
-45.3 120.9 320.6 493 186.8



Table-5.2 - List of al time annotated ACR events and their ionization states.

Arrival Time Energy® Towl" Cut off Vertical ~ Upper limit
(GMT) Mom. Rigidity  Cutoff ionization
(MeV/n) (GeV/e) (GV) Rigidity  state «

Day Hr Min Sec (GV) @)
0 125 21 13 25 164 2.8 0.578';‘22 0.62 5(7,3)
2 0

12522 33 35 179 g 217,72 247 11,2
30 125 19 28 o3 175 29 187, 2.18 2 (1, 2) |
4 N 125 23 25 45 148 23 1.30::;‘(‘)’ 1.38 11, 2)
SN 125 13 2 45 146 23 0.67(;.'5';’ 0.76 32 4
6 0 124 9

15 45 161 28 1.8212:32 2.25 1(1, 1)
70 124 19 s 25 180 29 1.3512:‘2; 2.79 21, 2)
8 0 1251 17 5 IS0 27 sg 193 ¥ |
9° 0 125 23 9 25 155 27 2.25]3:;5;’ 2.31 1, pf
100 0 ‘123 18 5 35 193 30 1.5712;33 1.95 1 (1, 3)
11" Ne 124 1 3¢ 55 173 36 2.34]2:97_2 2.58 1(1, 1
127 Ne 125 5 55 179 37 3.103;?3 3.59 1. - 1t

13" Ne 123 13 30 35 243 43 273753 3.30 (1, 2)
4 N 124 14 50 45 141 23 30.323223;"‘2 1213 .yt
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‘= Arrival Time Energy Towul' Cut off Vertical ~ Upper limi
(GMT) ‘ Mom. Rigidity  Cutoff ionization
(MeV/n) (GeVie)  (Gvy _Rigidity  state «

Serial No.

Identification

Day Hr Min Sec (GV) Z)
1570 125 22 11 13 464 28 59202 113 -, ot
16 0 126 3 20 7 175 29 ¢ 2.96 I

177 0 125 13 32 55 17.4 2.9 f 1.61 2

18" Ne 124 20 33 35 207 39 239729 2.95 1(1, 2)
Note: T/z;e values  of  ionization states  given  within  the parenthesis  are

obtained for gn uncertainty in  arrivgl time of 490 sec. The corresponding

calculated cutoff rigidities are shown as Super- and sub-scripted values.

These events were analyzed during the firs phase of scanning and were
reported by Singh [1990].

a) The . errors in energy are mostly within 2%., as estimated from uncertainty
in. measurement  of ranges of the particle dye to the uncertainty in the
measured dip angles. The CIrors in momentum  are nearly half of that in
energies.

T Missing enry (-) indicates that the calculated ionization state s less
than one,

t  Limits on cutoff rigidity are not available because the trajectory tracing
yield allowed trajectory for only one extreme value of arrival time,

f Trajcctory-tracing did not yjeld allowed trajectory  hence vertical cutoff

*
rigidity is used to calculate the value of 7 .
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5.2 Spatial and Temporal Distribution of the ACR Events

We have considered the distribution in the arrival location and
time of the individual ACR ions té see If there are any specific
trends. The- local arrival time of all the I3 ACR events are shown in
fig.5-1. Events are seen to be evenly distributed with no particular
preference in arrival time. The arrival point of these events span
the geomagnetic latitude 40° 1o 60° (fig.5-2). Also the geographic
arrival locations of these events do not show any clustering in any
specific location, for example, over South Atlantic anomaly. The
suggestion of Chan and Price [1975], that the geomagnetically
forbidden high flux of low energy CNO particles observed during the
earlier Skylab experiment, and suggested to be a part of ACR by
Biswas er al[1975], are in fact particles from the inner radiation
belt that are registered in the Skylab detector when it crossed over

the South Atlantic anomaly, is therefore not correct,
5.3 Possible Uncertainties in the Estimated Ionization States

It is obvious from table — 5.2 that ACR particles pérticles are
either in 1" state or are consistent with their being in 17 state.
Before discussing the implications of these results we would like to
consider the possible uncertainties  in  the estimation of the
ionization  states of these particles.  Since the ionization state
obtained by us depends on the calculated geomagnetic cutoff rigidity
using the trajectory-tracing method, we first consider the possible

uncertainties  in  the two  main input  parameters  for these

119



calculatién:

) Geomagneiic field values .

ii) Arrival time information

The use of IGRF for the 1985 epbch makes the trajectory tracing
calculation most appropriate as the experiment was conducted in
1985. However, as the IGRF represents only the internal field we
must make sure that there was no external perturbation affecting the
geomagnetic field as there could be considerable changes in the
geomagnetic cutoff at lower latitudes during severe magnetic storms
[Fluckiger, 1982] and also during flare time. The available data
show that "the experiment duration and particularly the period when
the time annotated events were registered (3 - 6 May, 1985), was
completely free from any magnetic storms as well as solar particle
event. The absence of geomagnetic disturbances during this period is
evident from the three hourly kp indices shown in fig.5-3. Energetic
particle flux from a small solar flare event, which occurred on
April 24 | a few days prior to the mission » completely dropped down
to the background leve] by April 28, and, we do not anticipate any
contamination in our sampling from this event. We shall discuss this
further in the pext part of this chapter while discussing the
results on the ionization states of low energy heavy ions. Finally
the possibility of a day night variation in the geomagnetic  cutoff,
as shown by Smart er al. [1969], Smart and Shea [1972] and Fanselow
and  Stone [1972], is true only at geomagnetic latitude >65°
whereas in our case all the events are registered at geomagnetic
latitude <60° . So, as far as the effect of geomagnetic field is

concerned, our results stand unaffected.
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Fig.5-1  The distribution of local arrival time Jor the anomalous

cosmic ray events detected in the "Anuradha” experiment.
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Fig.5-2 The geographical arrival locations of the anomalous cosmic
ray events detected in the Anuradha experiment. The dashed line
across, near the geographic equator, represents the geomagnetic

equator. The South Atlantic anomaly is shown by the hatched region.
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Fig.5-3 The three hourly kP indices, for the period 10. April - 29
June. The absence of geomagnetic disturbances during 3-6 May, 1985,
when the time annotated events were recorded, is clearly evident.

[From Solar Geophysical Data, 1985]



The uncertainty in the estimation of arrival time of the
particle, however, could be an import_ant parameter that can alter
our results on the deduced ionizationi states of the particles. Such
an error can significantly change the arrival location (latitude and
longitude) of the particle and hence the calculated cutoff rigidity.
While the encoder reéding difference for the matched pair of tracks
provide information on the arrival time of an event nominally within
t 10 sec, a detailed analysis of the differences in the encoder
readings for matched pairs  of tracks for the stationary  state
events, where thig difference should have.been zero, showed that the
deduced arrival time may have uncertainties upto 45 sec (+ 1g). We
have therefore estimated the cutoff rigidities and the ionization
states of all the events allowing for a worst case uncertainty in
the arrival time of 90 sec (+ 20) in each case, These results are
shown in Table_ 52 as super/sub-scripted  values for Rc and Z°
(within parenthesis). The lonization state . values thus obtained do
not differ by more than one unit of charge in most of the cases.
Thus, our conclusion  that the lonization states of .ACR are

consistent  with  their being in singly  ionized  state remains

unaltered,

The only previous attempt to determine the ionization states of
individual ACR ions was that of Oschiles er al. [1989] who conducted
a similar experiment on Spacelab-1 during November 2§_ December 8,
1983. The flux of ACR during this period was unfortunately extremely

low | being much below the detection leve] for the IMP-§8 and ISSE
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satellite monitoring this confponent at 1 AU, Only a few ACR events
could be detected in this experimf‘:n‘t even after scanning a large
area (about 600 cm2) of the detector. In addition, the time
resolution achievable in thig experiment’ was rather poor, with a{
best value of abour 2 minutes. Because of this limitation, the data
from this experiment were analyzed by grouping the events into
several zones, each of which were  characterized by different ranges
of cutoff rigidities. These authors  finally claimed observation of
four low energy ACR events (three oxygen and one neon) that dmved
in a particular zone (zone #2) which would require these particles
to be in 1" or 2% gtate. The results from the Anuradha experiment,
with its superior time resolution and larger number of events,
provide conclusive evidence for the singly ionized state of the

anomalous cosmic rays.
5.4 Source and Origin of Anomalous Cosmic Rays

There are several hypotheses proposed for the source and origin
of ACR. These can be classified into two broad groups according to
the proposed sburces: 1) local galactic or solar system sodrcc; and
ii) neutral particles in nearby interstellar space. While the second
model predicts the ionization states of the ACR particles to be
uniquely  singly ionized, the first group of models in general

predict a mixed ionization states for the ACR particles.

Considering the first group of models, McDonald et al[1974;

1977) proposed a nearby unusual galactic object enriched in He, N
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and O as the source of ACR. The -acceleration of the particles to the
observed energies took place either in the source itself or in the

interstellar medium.

Local galactic objects like novae and O-type stars are also
proposed as the source for ACR [Durgaprasad and Biswas, 1977; Biswas
et al,1981). In these models the authors proposed that particles
are emitted from the sources with energies of the order of 10 to 100
KeV/n either during novae outburst or as stellar winds. At these
energies the equilibrium charge states of  jons between carbon to
iron can be in the range of +1 to +3. It is proposed that a fraction
of these particles will  be accelerated through interaction with
Supernova  remnant  shock fronts in  the interstellar medium to
energies of -1 to 50 MeV/n. The ACR particles are therefore expected
to be in a mixed lonization states, Fowler er al.[1979] proposed a
cometary origin for the ACR particles where one €Xpects presence of

molecules like CO+, OH+.

The local interstellar neutrals as the source of ACR was
proposed by Fisk e al.[1974], who noted that the elements enriched
in the low energy ACR ie He and O are expected to be neutral in the
local interstellar medium. They proposed that neutrals from local
interstellar medium enter into the solar System and become singly
lonized either by photoionization or by charge exchange with the
solar wind. Once ionized they are picked up by the solar wind and
carried upto the heliospheric boundary where they get accelerated

upto few tens of MeV/n through interaction with the solar wind
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" termination shock, beforé they diffuse .zback into the solar .System
and are observed as ACRi- This model thus predicts the ionization
state of ACR to be uniquely 1% and that elements with higher first
ionization potentials (like‘ H, Ne and Ar ions) should also be

present in- ACR.

The singly ionized state of the ACR ions determined in our
experiment supports the model by Fisk et al. [1974]. The presence of
H, Ne and Ar in ACR in addition to He, N and O has also been
confirmed (see chapter I). The question of the source of the ACR
ions can therefore be considered as resolved from the results
obtained from the present experiment and also the results obtained
from earlier attempts  using  direct [Oschiles er al., 1989] and
indirect approaches [Mckibben,1977; Klecker er al.,1980; Cummings et
al., 1984; McDonald er al., 1988]. However, many aspects related to
the acceleration and heliospheric propagation of the ACR component

are yet to be understood in their totality.

Part-Il : Low Energy (20-125 MeVin) Galactic Cosmic Rays

5.5 Ionization States of Galactic Cosmic Rays

The experimental Setup and the analytical procedure that were
used in the Anuradha experiment to determine the lonization states
of the anomalous cosmic rays can in principle be used to determine

the ionization states of low energy particles of solar and galactic
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origin as well. ‘We have therefore utilized the same approach to
- determine the ionization Stateé of low energy (< 125 MeV/n) galactic
cosmic rays, incident on the ‘Anuradha detector module. The initial
aim of this work was to see whether the GCR particles are in fully
ionized state as expected (Chapter-I;  Section-1.2.3), which will
then validate the approach itself. The initial results  obtained
[Biswas er al., 1990; Singh, 1990] were completely unexpected as we
found three low energy iron group ions, in a sample of 16 events, to
be in partially ionized states. A thorough investigation of this new
observation has been taken up in this thesis and constitufe the
subject matter of the remaining part of this chapter. A total of 60
heavy ion events (Z >10), whose arrival time could be obtained
accurately from track matching procedure, were detected during the
scanning of -~ 400 cm® of detector area. Out of these, ionization
states of 46 events could be determined without ambiguity. In the
remaining cases there are uncertainties in the identification of the
particle (4 events) or the trajectory-tracing resulted in forbidden
trajectories (10 events). In table - 5.3 the relevant parameters
needed for determining the ionization states of these particles are
given. These include the identification of the ‘particles, the
differences in the encoder readings for the matched pairs of tracks
in top and bottom detector stacks and the arrival location and
direction of each particle. As already discussed in the first part
of this chapter, the difference in the encoder reading between the
matched pair of tracks from a given event provides the information
on the arrival time which can have a worst case uncertainty of -90

sec. The dip and the azimuth angles of incidence of the particle are
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"measured in the detector frame of reference. The angle of incidence
(dip and a2;1muth) in the detcctor coordnmte system and the arrival
location of the particle (latitude, longitude  and altitude) are used
to calculate zenith and ézimuth angles in geocentric and local
Coordinatc Systems.  In  table - 5.4 the arrival  time, energy,
momentum, cutoff rigidity and the upper 11m1ts on the ionization
states of the particles are given. The energy is calculated from the
measured range of the particle in the detector by using appropriate
range - energy relation. The super- and sub-scripted values for the
cutoff rigidity show the values one gets by considering the wofst
Case uncertainties in the arrival — time (490 sec), and, the
ionization  states obtained for these values are  shown within

parenthesis in the last column.

A total of 26 events out of the 46 events for which the
lonization states could be determined are found to be in fully
ionized state. An additional 4 events are most  probably fully
lonized, if we consider the error limits on their arrival times. The
remaining 16 events are found to be in partially ionized state even
after considering all the experimental and  analytical uncertamtles
These include one Titanium (6"), two Vanadium (10%, 16, two
Chromium (5%, 8%), one Manganese (4*), eight Iron (3%, 3%, 10", 1‘1+,
14, 14", 20%, 20*) and two Nickel (8", 14") jons. It can be noted
that the events which are in partially ionized state al belong to
the Iron group. The distribution of both fully and partially ionized

events are shown in Table - S.5.
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Table-5.3 : List of all time annotated GCR events from 3cm scan and their arrival locations and directions..i

g g Encvovder Dip Azif Lof};rival Egsition Alt Arrival Direction
g lfé position ‘ GmLat ngocentrlizi zen Local Azi‘

o s " (deg) (deg) (deg) (km) (deg) (deq) (deq)

1 Si 17713 72.6 13.1 148.6 -53.5 367.6 -57.5 129.6 -4.8 84.1 200.2
2 Ca 10434 57.0 273.2 124 .4 -56.8 367.0 -63.2 135.7 -17.4 72.6 198.9
3 Ti 9547 45.4 251.8 297.1 50.7 362.6 57.8 938.0 ~79.2 61.4 198.4
4 \'% 9539 52.3 223.3 290.7 47.8 361.5 55.2 86.3 -69.9 44.1 -180.9
5 \% 3730 70.2 263.3 84.2 -45.0 361.7 -52.7 i 133.4 168.0 - 57.1 7 120.7
6 Cr 9815 43.5 307.2 96.3 -46.3 365.7 -54.1 95.2 -10.8 » 97.8 253.8
7 Cr 20215 59.7 326.3 204.4 45.2 360.5 47.3 133.0 -122.7 92.9 156.6
8 Cr 577 45.9 272.8 175.1 -56.9 367.2 -57.4 127.7 47.2 75.6 220.1
9 Cr 1723 83.6 260.6 310.1 56.3 365.9 62.3 98.4 -67.0 66.2 198.5
10 Mn 20621 32.6 75.7 122.1 -32.5 357.1 -39.3 78.3 156.8 89.0 75.3
11 Mn 11277 74.3 81.6 269.6 56.8 366.0 64.5 103.1 -82.0 70.2 171.3
12 Mn 20243 44.9 47.0 230.3 54.9 364.5 60.1 120.0 -68.0 93.8 129.2
13 Mn 2540 56.2 231.2 64.7 -55.4 367.2' -61.9 143.1 -27.7 49.9 231.6
14 Fe 3411 44 .7 103.3 237.1 56.6 366.0 62.5 91.4 -86.8 64.9 139.4
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31 Ni 9908 50.4 262.3 183.8 -47.7 363.0 ~47.2 153.8 18.3 67;8 186.8

22535 24.3 306.9 191.8 51.6 365. . 111.9 96. 110.1 259.9

32 Ni

21 cvents analyzed during the first phase of scanning  which led to the

observation of 3 partially ionized low energy iron group particles [Biswag
et al., 1990; Singh, 1990] are not included in this table,

a) The systematic error in dip and azimuth angle measurements as evaluated
from.dam on SSE are + 4.0 deg & 3.0 deg respectively (fig.3-3).

b) These events are identified on the basis of IDC in 1-0 and RT in 1-1
sheets, there can uncertainty in identification.

¢) For this event the stopping cone is ST, Therefore, there can be large

uncertainty in identification,
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Table-5.4 : List of all time annotated GCR, events from 3em scan uand

their jonization states.

g § Arrival Time Energy® Total® cut off® Vertical Upper limit

- R (GMT) Mom. Rigidity  cutoff 1onization

o ‘g (MeV/n) (GeV/c) (GV) Rigidity state,

a < Day Hr wMin Sec (GV) (2 )

1 Si 125 13 25 33 20.6 5.5 o.42§'jj 0.49 13 (11,14)

2 Ca 124 17 40 15 111.5 18.8 0.123'25 0.16 20 (20,20)

3 Ti 124 15 16 13 415 13.5 0.77)- 12 0.84 17 (15,22)

4 Vo124 15 14 53 43¢ 14.7 0.93;'j; 1.05 16 (12,20)

5 V. 123 23 28 53 355 12.7 1.313'33 1.36 10 (13,6)

6 Cr 124 16 ¢ 3 60.3 17.7 0.36;'jj 1.02 20 (13,24)

7 Cr 125 20 13 23 109.6 242 4.43%° 87 4.36 5 (4,8

8 cr 123 14 17 4 49.8 16.1 0.57) %2 0.64 24 (24,20)
9 €r 123 18 1 53 39 14.3 0.523'55 0.59 24 (24,16

10 Mn 125 21 L9 4 65.3 19.5 4.442'25 1.23 4 (s,3)

11 Mn 124 19 57 33 45.1 16.1 0.273'23 0.29 25 (25,25)

120 Mn125 20 18 o8 56.0 18.1 1.033?;3 1.06 18 (-, 25)¢
13 Mn 123 20 14 45 115.6  26.4 o.ezgjj; 0.71 25 (25,25
14 Fe 123 22 36 3 89.6 23.5 0.673::j 0.72 26 (26, 26)
15 Fe 124 16 4 13 109.9 241 0.22027 0.24 26 (26, 2¢)
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J ;5 Arrival Time Energy® Total® cut off® Vertical Upper limit
2 gy

o g (GMT) Mom. Rigidity  cutoff ionization
g g (Mev/n) (GeV/c) (GV) Rigidity. , state,

» < Day Hr Min sec . (GV) (z )
16 Fe 124 19 5 23 L, 5 11.6 1.01;'23 1.11 11 (7,17)
17 Fe 125 9 g 3 126.9  28.2 8.64:‘33 14.2 3 (3,3)

18 Fe 125 21 18 2+ 112.9  26.5 2.58j:§; 2.71 10 (17,7)
19 Fe 124 14 26 43 ¢4 4 19.7 1.402::; 1.69 14 (2,21)
20 Fe 124 13 1 5 64.1 19.7 0.573:25 0.64 26 (26,26)
21 Fe 126 4 58 53 gg 0 20.5 6.88?5?;5 6.01 3 (4,2)

22 Fe 124 15 20 33 95.9 24.3 o.77§:§§ dQBs 26 (26,25)
23 Fe 125 18 1. s 92.2 23.8 0.322::; 0.37 26 (26,26)
24 Fe 123 19 30 45

123.3  27.8 0.323'33 0.30 26 (26,26)

25 re 124 16 58 43 gg. 3 23.0 1.69) 22 2.35 14 (19,10)
26 Fe 125 21 58 53 83.5 22.6 o.7zf:fz 0.76 26 (26,20)
27 Fe 123 23 24 13 36.6 14.8 o.723:32 0.86 20 (20,19)

28 Fe 123 19 30 43 86.1 23.0 o.27§:;j 0.30 26 (26,26)
Ni 123 20 14 43

-
29 Nji 119.4 28.8 0.573'jj 0.72 28 (28,28)
300 Ni 124 18 g 23 143.2  31.7 0.475’;; 0.49 28 (28,28)
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Arrival Time Energy® Total? Cut off’ Vertical Upper limit

o
(] "0
- § (GMT) Mom. Rigidity Cutoff ionization
g5 - (MeV/n)  (Gev/c)  (gv) Rigidity state,
a S Day Hr Min Sec (GV) (z )

p=4
-

30.1 13.4 0.46 0.51 26 (21,26)

31 124 16 14 53 1316.3 28.4 2.003'55 2.28 14 (23,10)
32 Ni 126 2 33 3 58.1 19.7 2.35§'§j 3.24 8 (9,8)
33 Fe 124 21 29 53

74.2 20.5 £ 4.35 5

34 Fe 123 17 11 13 3.4 14.0 0.22)°3° 0.23 26 (26,26)
35 Fe 124 18 20 13 7. 20.9 0.67, 77 0.74 26 (20,26)
36 Mn 124 16 17 3

37 Mg 124 19 24 13 24.7 5.2 5.773'Zj 5.98 - (1,-)¢

21 events analyzed during the firg phase of scanning  which led to the
observation of 3 partially ionized low energy iron group particles [Biswas
er al., 1990:; Singh, 1990] are not included in this able.

The errors in ener are mostly within 2%., as estimated from uncertainty in
gy y 2 )

-

measurement of ranges of (he particle due to the uncertainty in the measured

dip angles. The €ITors in momentum are nearly half of that in energies.

o

The super- and sub-scripted  values for cutoff rigidities  are calculated for
4390 sec of uncertainty in arrival time for cach event.

The  values  shown within  parenthesis fepresent the  calculated  ionization

n

States for 390 sec uncertainty in arrival time.

e

Missing entry  (-) indicates that the calculated ionization  state s less

- than one.

e —

Tr:ljccmry-tmcing did not yield any allowed trujeciory, hence the vertical

~Cutoff rigidity was used o calculate the ionization staiey,
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Table-5.5 Distribution of partially and  fully jonized heavy ion

events detected in Anuradha experiment,

Element  Total No.of Partially ionized Fully ionized events
Events events

lonization No. of
state events

C 1 - 1

Si 1 13" .

Ca I - 1

Ti 3 +6, +17" 1

\% 2 +10, +16 -

Cr 7 +5, +8, +20 4

Mn 4 +4, +18" 2

Fe 22 +3, +3, +10, +11 14
+14, +14, +20, +20

Ni 5 +8, +14, 3

These events could belong to  the fully-ionized  group, if we

consider uncertainties on their arrival time.
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5.6 Spatial and Tempbral Distributions of the

Partially Tonized Events |

The distribution of geographic' arrival locations for all the
heavy ion events show some trend (fig.5-4). Most of the events have
come between 55° to 180° east longitude  in the southern hemisphere
and between 230° to 345° east longitude in the northern hemisphere.
Since the orbital inclination of the space shuttle was +57°, such an
effect could be expected because of the lower geomagnetic cutoff in
these zones as is clear from the position of geomagnetic equator

shown in the same figure.

The local arrival time of all the events as well as the
partially ionized events are shown in fig.5-5(a) and fig.5-5(b)
respectively. These events are seen to be evenly distributed with no
particular preference in arrival time. The changes in geomagnetic
cutoff due to day night variation, which are significant only at
geomagnetic latitudes >65° [Smart er al.,1969: Smart and Shea,1972;
Fanselow and Stone, 1972], can not be of much importance in the
present case as all the partially ionized events are detected within
geomagnetic latitude of 60° [fig.5-6]. We have already discussed in
section-5.3 that the reference geomagnetic field model used for the
trajectory-tracing to obtain the cutoff rigidity values was for the
epoch 1985, during which our experiment was conducted. Moreover, the
data on kp indices during the experiment period (fig.5-3) clearly
indicate the absence of any  geomagnetic  disturbances and the

estimated cutoff rigidities can not have much uncertainties.
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Fig.5-5 The distribution of local arrival time, a) for all heavy

ions (Z >10), and, b) only for the partially ionized events.
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Fig 5-6 The  distribution of arrival locations i geomagnetic

latitude  for partially  jonized events.
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' 5.7} Possible Uncertainﬁes in the Estimated Ionization States

We have critically evaluateid. the possible systematic errors in
measurements and computations that may affect the deduced values of
the iqnization states of the low energy heavy ions. In fig.5-7 we
show the calculated values for the cutoff rigidities including the
penumbra zone for all the partially ionized events. The uncertainty
in the effective threshold rigidity - ( RC) due to the spread of the
penumbra region is < 10 % in most cases. It may be noted that we
have to lower the cutoff rigidities by a factor of 3.7  (for
Titanium), 1.4 and 2.3 (for Vanadium), 3.0 and 4.8 (for Chromium),
6.3 (for Manganese), 1.3, 1.3, 1.9, 1.9, 2.4, 2.6 and 8.7 (for Iron)
and 2.0 and 3.5 (for Nickel) respectively, if these are fully
lonized particles. Such a reduction is completely outside the range
of the estimated uncertainty in the cutoff rigidity  values. As
discussed in the case of ACR, we have also performed a worst case
analysis of the data by allowing the error in arrival time estimate
to be 90 sec for each event, which is almost twice the systematic
error in this parameter as evaluated from the encoder readings for
the ‘“stationary state events". The effect on the ionization states
allowing for such an uncertainty is shown in the last column in
Table-5.4. These values do not alter our conclusion for the presence
of partially ionized low energy iron  group particles. The
experimental uncertainties in the estimation of the momentum of the
particle is small (< 1 % ), and can not alter the results. There
could not be any error in the identification of the particle also,

as we could achieve charge resolution of less than one unit of
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Fig5-7  The cutoff rigidities RC (in GV) for all partially ionized

events alongwith their penumbra structure are shown. RM Is the main
cutoff above which all rigidities are allowed and Rs is the
stormer's  cutoff below which all rigidities are forbidden. The

numbers refer to the individual events (see Table— 5.4).
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charge almost routinely, since ~multiple data points are available

for analysis for most of these events.
5.8 Possible Sources for the Partially Ionized Heavy Ions

- The clear identification of 16 partially ionized Ti, V, Cr, Mn,
Fe and Ni ions among a sample of 46 low energy (< 125 MeV/n) events
is a completely new observation. We have good confidence in this new
result because the use of the same experimental setup and analytical
procedure yielded results which showed that the ACR particles "are
singly ionized and most of the heavy ions are fully ionized, which
are in good agreement with our present knowledge about the
ionization states of the ACR and GCR components (see chapter-1). The
properties of the low energy (20-125 MeV/n) galactic cosmic rays
were not studied earlier, as this energy region is generally not
accessible to the balloon-borne and most of the spacecraftv
experiments. Even then the result was entirely unexpected as the
theoretical calculations [see eg. Rule and Omidvar, 1979] predict
fully ionized state for the GCR iron group particles following their
interstellar propagation at energies > 10 MeV/n (fig.5-8). We have
therefore made a detailed analysis to make sure that the particles
detected are indeed of GCR origin and cannot be sample from any

other sources like ACR, SEP and trapped magnetospheric particles.
The ACR particles are now established to have originated from a

nearby source, and traverse very little amount of matter as is

evident from absence of secondary particles e.g ’He [Mewaldt et al.,
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Fig.5-8 * Fractions of a beam of Fe ions in interstellar medium with
charge states Fe+26-Fe+]6, as a function of energy. The curves are

labeled by the numbers of electrons on the ion in that charge . state.

[From Rule and Omidvar, 1979].
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1984; MeWaId,t, 1988]. Thus secondary sub-iron particles like bTi, Vv,
Cr etc. can not be a pért of ACR. Further iron and sub-iron
particles do not show any uptﬁrn in their spectra at low energies
which is also indicative of their absence in the ACR component
[F'crrando. et al.,, 1988]. Thus anomalous cosmic rays or quasi-trapped
anomalous cosmic Tays can not be the source of the observed

partially ionized iron group heavy ions.

We next consider whether solar energetic particles could be . the
source of the partially ionized particles. A small solar flare event
did occur on April 24, 1985 five days prior to the space shuttle
flight. The IMP-8 and SMM data [Solar Geophysical data, 1987:;
Goswami er al., 1988; Strong, 1989] showed that >10 MeV proton flux
in this flare reached g nfzixinatlxn on April 25 and subsided to the
background level by April 27 two days prior to the flight and
remained at the background level throughqut the experiment duration,
The 20-25 MeV/n and 25-90 MeV/n helium fluxes measured by the
University of Chicago telescope on IMP-8 show that the maximum flux
value of 107 particles/ (cmz.sr.scc.MeV/n) was detected on 'Apﬁl 26
which decreased to background level by April 28, 1985 [fig.5-9]. As
the emission of the solar flare energetic heavy ions are expected to
closely follow the emission of helium ioﬁs, at the energies of
interest (>40 MeV/n), we do not expect any direct contribution from
this  solar flare event,  particularly in  the case of the time
annotated events which are registered in our detector during 3-6
May, 1985, five days after the flare intensity dropped to the

background level, The presence of subiron secondaries like Ti, V, Cr
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etc., whosé'solar abundance»is =1 % that of iron [Ross and Aller,
1976]-also Suggest a non solar source for these particles. Further
for quite a few events, the upper limit of jonization states are
<10*, much below the valué 15" for normal solar flares and 21* for
He’-rich  solar flare events, estimated for low energy iron particles
(Luhn ez al,1985; Luhn er al.,1987;‘ also  see  Chapter-I;
Section-1.2.1). However, if there are some special process by which
solar flare particles could traverse a large amount of matter
(several gm cm™) in the upper atmosphere and hence undergo nuclear
interaction  and stripping  resulting  finally in partially ionizéd
trapped iron and subiron particles, then such a process could be
examined for its .validity. We do not favor such a scenario at
present from plausibility considerations and the short decay time of

the April 24 event noted above.

We next consider whether geomagnetically trapped particles
could be the source of the partially ionized iron group particles.
Most of the partially ionized ions are observed within L values of 2
to 4, in the B-L coordinate. There is very little information on the
flux of heavier jons (Z28) in this zone, and, althougfl one can
consider trapping of solar energetic particles from the April, 24
event, the presence of sub-iron particles will then require further
nuclear interaction and fragmentation of SEP before being detected
in our experiment. Consideration of SEP as a source would also imply
that we may not have a steady source of these particles in the outer
radiation belt. It is also not clear if SEP with energies of up to

100 MeV/n could be trapped effectively for almost a week following
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the flare "eve,nt. 'Direct access of low energy galactic cosmic rays
into  the magnetospheré is" not . possible, except  perhaps  during
geomagnetically disturbed conditions, which was definitely not the
case during the present experiment. Further, there is no evidence
for the presence of any heavy ion component iﬁ the outer radiation
belt that is compositionally similar to GCR. Nonetheless, we have
evaluated the equatorial trapped iron ion flux for the L=2 _ 4 zone,
hecessary to produce the observed flux of partially ionized ions at
Spacelab-3  orbit, assuming\ a isotropic pitch angle distribution.
This turns out to be 3.9x 10 p/(cmz.sr.sec.MeV/n). Thus, although
plausibility consideration rules out direct trapping of GCR ions,
the requirement of low magnetospheric  flux  suggests that in-situ
measurement of heavy ions (Z>20) in outer radiation belt could be

extremely important in the present context,

In view of the above considerations we are finally left with
the alternative that galactic cosmic rays are the source of the
partially ionized low energy iron-group ions. Here, the composition
of the partially ionized particles, particularly the presence  of
secondary  subiron jons, presents no problem if we consider the
standard model of cosmic ray propagation. However, as already
discussed, it is not possible to have partially ionized GCR ions at
energies >10 MeV/n, following their interstellar propagation (see
fig.5-8). We therefore, consider here a plausible scenario which can
explain  the presence of the partially  ionized heavy . ions in
near-earth-space if they are of GCR origin. A two stage process is

considered. We propose the presence of a low energy (1-10 MeV/n)
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partially ionized iron gfoup GCR in the local interstellar space.
These are then accekntued. to higher energies in the solar wind
termination  shock  with out -any  significant change in their
ionization state, following which they “diffuse into the solar system
and are observed as partially ionized ions at energies of 20-125
MeV/n at 1 AU. The low energy partially ionized component postulated
by us, may simply represent the lowest energy end of the steady
state local interstellar GCR Spectra or may be due to the trapping
of medium energy (upto a few hundred MeV/n) GCR ions in large
molecular  clouds in nearby interstellar  space resulting =~ in
degradation of energy to 1-10 MeV/n for a fraction of these ions.
Such low energy iron group ions are expected to be in partially
ionized states [Nikoleav, 1965; Rule and Omidvar, 1979]. Thus a
mixed population of partially and fully ionized particles finally
emerge from this region. The low energy partially ionized iron group
particles could be accelerated to tens to hundreds of MeV/n at the
heliospheric  boundary region, by process similar to those proposed
for acceleration of the anomalous cosmic rays [Fisk er al., 1974;
Pesses er al., 1981; Potgieter and Moraal, 1988], leading to the
observed population of low energy partially ionized galactic cosmic
ray ions at 1 AU. We favor the presence of a steady state low energy
(1-10 MeV/n) cosmic ray flux in the local interstellar space, since
presence of such low energy interstellar cosmic ray component has
also been postulated to explain the high C/CO ratios in dense
interstellar  cloud [Cravens and Dalgarno, 1978; Gradel er al.,

1987].
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To examine whether the low. energy fluxes in theA demodulated
steady state local interstellar spectrum  is  sufficient to generate
the observed flux of the partially ionized heavy ions, we have
calculated the interstellar iron flux at energies 1-10 MeV/n and
compared it with the observed flux of partially ionized heavy ions.
We have considered the demodulated (¢ =0) spectrum for GCR iron ions
[e.g Smart and Shea, 1985] extrapolated down to 1 MeV/n, and
calculated the integral flux of particles in the energy interval
I-10 MeV/n. This was estimated to be 2.7x10% m?sect.grl. It is
difficult to estimate exactly the flux of the partially  ionized
heavy ions present in the near-earth-space, since we need to know
the geomagnetic transmission factor which is a function of both the
lonization state and energy of the particles. We have therefore
considered all the particles to have an average ionization state of
10" and calculated the total number of particles in the energy band
20-125 MeV/n. The resultant flux of <5.9x10° m?sec” s is -20%
of the integral flux of 1-10 MeV/n iron ion in loca] interstellar
space. Even if the average lonization state of the partially ionized
heavy ions in near-earth-space is somewhat higher than 10" we need
only a fraction of the low energy (1-10 MeV/n) local interstellar

particles to be accelerated i the solar wind termination shock,

which then diffuse into the interplanetary space.

If, on the other hand, the low energy partially ionized heavy
ions were produced during trapping in large molecular clouds in the
neighborhood of the solar System, one can put some constraint on the

location of these clouds to within a couple of thousand parsec, so

150



that  electron stripping  process  is minimal = between th‘e escape of
these 'idns from the molecular clouds and their arrival at the solar
wind termination shock front. ft is also Vof interest to note that
irrespective  of the source of the low energy ions the electron
capture: process may be further aided by the presence of the Qort’s
cloud in the outer periphery of the solar system (20,000 to 50,000
AU) [Marochnik er al.,1988], if we consider the number density in
this region to be similar to that for interplanetary space ie -5
atom/cc  [Allen, 1973]. The energy gain factor needed at the SW
termination shock is modest, at best g factor of 10-100 even after

we consider energy loss by these partially ionized particles in the

heliosphere, before reaching 1 AU.



Chapter-V]

CONCLUSIONS

The low energy anomalous and galactic cosmic rays present in
the near-earth-space were studied for their ionization states, flux
and composition in the Anuradha experiment, conducted onboard
Spacelab-3 during April-May,1985. The main objectives of this study
were 1) direct determination of the ionization states of ACR
particles and hence to resolve the question of their source and
origin, ii) determination of the lonization states of low energy
(20-125 MeV/n) heavy ions (Z>10), to see whether they are fully
lonized as is expected for GCR particles. The Spacelab-3
orbit-averaged GCR oxygen ion flux in the energy range 50-250 MeV/n
was also determined in this work to check on the wvalidity of the
trajectory-tracing method used to determine the cutoff rigidity, an
important input parameter in determining the ionization state of an
energetic particle. The main results obtained in the present work
along with their implications are summarized in this chapter. Scopes

for further work in this field are outlined along with several

suggestions.
6.1 Summary of Results and Conclusions

We have determined the Spacelab-3 orbit-averaged GCR oxygen ion
fluxes in the energy  range  50-250 MeV/n. The corresponding
interplanetary GCR oxygen fluxes are calculated by using the

orbit-averaged geomagnetic transmission factors. The average cutoff



rigidities for 5° latitude X 5° longitude grids are calculated by
using . the trajector’y—n'acing‘. method and the 1985 refcrénce
geomagnetic field, and the time spent by the Spacecraft in each of
these grids were considered  in calculating  the orbit—averaged
geomagnetic transmission factor. To check the validity of the
geomagnetic transmission factor, and hence the trajectory-tracing
method, we have compared the interplanetary oxygen fluxes derived
from our measurement with direct measurement of GCR fluxes outside
the magnetosphere. The flux values obtained from our experiment [in
unit of p/(mz.sr.sec.MeV/n)] are: (1.73&1.00)x10~3 at (45%+10) MeV/n,
(3.12+1.38)x107 at (121#37) MeV/n and (4.9613.46):10° at (235472)
Me\'//n. These values which compare well with the deduced
interplanetary fluxes of (2.2i'0.32)x10‘3; (4.2i0.6)x10'3 and
(5.0i0.72)x10~3 respectively, based on the measured alpha particle
fluxes for the same epoch ['McDonaldv and Lal, 1986] and assuming a
GCR 0o/O ratio of (40.2t5.8) in this low energy range [Cartwright et
al., 1971]. We have also determined the normalized modulation
parameter (O = % * ¢) from the interplanetary GCR oxygen fluxes
derived from our experiment. This derived value (640+60 MYV) is also
found to be similar to the @ values based on proton and helium
fluxes (650+20 MV and 670440 MV respectively) from ISEE-3 experiment
[McDonald and Lal, 1986]. The agreement between the flux values and
the normalized modulation parameters, gives us good confidence on
the validity of the orbit-averaged geomagnetic transmission factors,
and  hence on the  cutoff rigidities  obtained by  the
trajectory-tracing method, which were used extensively in this study

for the determination of ionization states of individual ions.
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' The singly ionized stéte for the anomalous cosmic ray events
proposed earlier by Singh [1990], based on the initial results from
this experiment is now further consolidated by the expanded data
base, and most of the ACR events are found to be in 1" state. As the
trajectory-tracing method gives the lower limit on the rigidity of
the particle for a specific  arrival location and direction, the
upper limit of 17 for the ionization states of the ACR particles
urﬁquely establish the singly ionized states for ACR. This result
supports the model of Fisk er al[1974], who propose the source of
ACR  particles to be neutral - particles in  the local interstellar
medium and predict the the ACR particles to be uniquely singly
ionized. Thus the question of the source and origin of the ACR
particles can now be considered as resolved. However, the exact
details concerning their acceleration to the observed energies and

heliospheric Propagation is yet to be understood in their totality.

We have also determined the ionization states of 35 low energy
(20-125 MeV/n) heavy ions (Z>10) in this work. Majority -of them are
found to be in fully ionized states as is expected for galactic
cosmic  rays. However, 13 of them are found to be 1in partially
ionized states. All the partially  ionized events belong to iron
group.  This  substantiates the initial ~ results  where three  such
events were reported [Biswas er al., 1990]. We have good confidence
in this new finding, because the use of the same experimental and
analytical procedures showed the ACR particles to be singly ionized,

and majority of the GCR particles to be in fully ionized, which are



in agreement with the‘present day knowledge about the ionization
'statés_ of these particles (‘section‘-lv.?d, Chapter-I). We have examined
all the possible sources for these partially ionized heavy ions eg
anomalous .cosmic rays,’ magnetosphieric  particles,  solar energetic
particles -and galactic cosmic rays, and finally conclude them to be
of GCR origin. Our results show for the first time the presence of a
neéw component of low energy (20-125 MeV/n) partially ionized heavy

ion component in the near-earth-space.

A plausible model for the generation of partially ionized low
energy galactic cosmic rays is also presented in this work. We
postulate the presence of a low energy  (1-10 MeV/n) partially
ionized GCR component outside the solar system. This could simply be
the low energy component of the steady state local interstellar GCR
Spectra or could be produced through trapping of high energy (upto a
few hundred MeV/n) GCR particles in lzirge molecular clouds in the
nearby interstellar space, where a fraction of them suffer
degradation in energy to ;1-10 MeV/n and gets partially ionized
through electron capture. We favor the low energy steady state local
interstellar GCR component as the source, whose presénce is also
postulated to explain the anomalous C/CO ratio in dense interstellar
clouds [Cravens and Dalgarno, 1978; Gredel er al., 1987].
Acceleration of this low energy partially ionized GCR component to
the observed energies can take place in the heliospheric boundary as
is proposed for the anomalous cosmic rays [Fisk et al.,1974;: Pesses

et al., 1981; Potgieter and Moraal, 1988].



6.2 Suggestions for Improvement and Scope for Further Studies

The experimental and analytiéal procedures used in the present
work can be used as a standard procedufe to determine the ionization
state of  any low energy (< few hundred MeV/n) charged particle
coming from outside the earth’s magnetosphere. However, one can
improve the procedures by few ways viz. i) better time resolution,
to know the arrival information of the particle more precisely, ii)
increasing the event statistics.  While better time resolution can be
achieved by simply reducing the time interval between  successive
Step movement of the detector stack, the limitation in this regard
mostly comes from systematic uncertainties during the post-exposure

data acquisition period.

The number of events detected In our experiment were too few.
More number of events could be observed by increasing the exposure
time of the detector. However in the present experiment the
constraint of not rotating the bottom stack by more than one
revolution, puts a limit to the exposure period. If the rotation of
the stack and the orbital period of the spacecraft can be
synchronized, one can get rid of this problem. As for example, in
the present case the orbital time period of the Spacelab-3 was -90
min, and it was repeating an orbit after every 3l1st orbit. Further
the time taken for one complete rotation of the bottom stack in this
experiment was 90 hr. Therefore if one can synchronize these two
parameters in such a manner that as the bottom stack completes one

rotation, the spacecraft also starts - repeating its Ist orbit, we can



extract the arrival mformamon uniquely and can have more than one
rolatlon of the bottom stack. In such a setup there will not be any
constraint on the exposure period and the event statistics can be
increased. Such an arrangement  can  probably be  tried during the
Space-station era. The arrangement of a fixed top stack and single
rotating passive  detector stack  restricts  the energy range over
which ionization states of different ions can be determined. This
Impedient can be removed by multiple stack arrangement  with
alternate fixed and rotating  stacks. This will help us to ascertain

the ionization states of higher energy GCR particles also.

The presence of partially ionized subiron and iron particles in
the near-earth-space has been established in this work. If our
hypothesis for the presence of a partially ionized low energy (<10
MeV/n) component of GCR outside the solar system is correct, we.
could expect to observe other elements of GCR, like C to Ca in
partially ionized states. However, as has been shown by Rule and
Omidvar [1979], while the equilibrium charge state for iron beam in
interstellar medium could be <26 at energies <10 MeV/n, ‘an oxygen
beam could be in partially ionized states only at energies <] MeV/n.
Thus the possibility of finding partially ionized GCR ions 1S more
in the case of heavy ions and one needs to look for low energy high
~Z (e.g Si, Ca etc) GCR particles rather than lower Z (e.g C0)

particles to further investigate this new phenomenon,

One can also atempt  variation of the experimental - setup in

this  approach. For example Hertzen and Marenny [1986] proposed



linear movement of two bdetector stacks to achieve objective similar
o0 our ' experiment. It is>. allso. 'importantr to utilize electronic
detector in  which case the time consuming  post-exposure data
acquisition procedures needed in case " of passive detector can be
avoided, and one can use conventional satellites for long duration
exposure. Kuznetsov er al. [1987] have reported some results on the
ionization states of solar flare particles with such an approach.
Hovestadt er al. [1987] have also proposed an experiment that
combines a large area ion drift chamber and a time-of-flight
telescope  for  determination of ionization state of energetic
particles. In all these approaches the concept of using geomagnetic

field as a rigidity filter has been adopted.

The presence of partially ionized iron group ions may also
affect the subiron to iron ratio measured inside the magnetosphere,
particularly  for  small event  statistics, if  the charge  state
distribution for both iron and subiron particles are not the same. A
detail study of the sub-Fe to Fe abundance ratio within  the

magnetosphere, spanning the energy range of 50-400 MeV/n, will be

useful in this regard.

We have observed few events in this experiment (e.g #37, #38,
#39 in  Table-5.4) which are difficult to explain as the deduced
charge state is <I. Two of these events (#37 & #38) with atomic
number 12 could be spallation products from aluminum, which was used
as a rib structure on the op of the instrument. In such a case the

incoming  direction of (he particles  as  back-traced  from  their
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records in' the detector may not be correct. This may lead to
erroneous  estimation of cutoff rigidity and hence the ionization
states. It will be also interesting  to check whether any of the
problematic events could bé molecular ions like CO" as suggested by
McGowan [1983]. It is of interest to note that in an experiment with
Counter telescope conducted in 1981, Saito er al [1990] have
observed two geomagnetically forbidden events in a total of 127000
events, which are consistent if we consider them to be partially
ionized (Z'= 3) silicon ion or with a particle having atomic number
Z -14, mass A -350 and energy 450 MeV/n. Because of the high enérgy
of the particle they prefer the second alternative and  suggest that
these events could be Strange-Quark Matter in GCR. Modified long
duration experiment of Anuradha type as discussed above, can be used

to look for such events in future.

In summary the present work has validated the approach of using
geomagnetic  field as a rigidity  filter  for determining  the
ionization state of Jow energy particles coming from outside the
magnetosphere. The  singly ionized state of ACR particles has been
conclusively established and we have shown for the firét time the
presence of a partially ionized low energy heavy ion component in
the near-earth-space. The possibility of further work in this area
with  suitable modification of the present experimental  approach

seems to be very promising,.
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