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ABSTRACT

"{}The méiﬁ/problemé addressed to in this thesis are
,Céﬁﬁéfédvaround the identification and characterization of
p§ implanted component of the nbble gases due to solér
éhé:getic particles (SEP); the-solar cosanic ray (SCR) proﬁon;
’;nduCed neon composition in lunar and meteoritic samples
,iand the resolution of the cosmogenlc effects of the SCR

fand GCR protons in them. BSeveral interrelated problems
' have been dealt with in the thesis though all pertain to the

;rradlatlon effects of solar and galactic cosmic rays.

AIn this study, a systematic analysis of lunar soils
:,fWhicﬁ%accumulate Solar flare gases over several millions
of years has beeﬁ carried out. The results based on etched
-feldéparsl and etched pyroxene mineral residues suggest that
',tne Ne isotopic comp051tlon of the solar flares is not
. planetary and is different from but closer to the solar
 wind value. The .conclusion is further strengthened by the
fact that noble gas elemental composition in these etched
'Samples.éompareé well with the solar composition rather

‘than with the planetary composition.

A procedure making use :of 'the characteristic Ne-isotopic
Compositions of different reserveirs has been developed.

- This procedure allows an estimation of the surface exposure

‘ages (integrated residence ‘time ‘in top one cm of the

regolrith) for -the soil ‘samples.




vi
An attempt has been made to understand the observed
? t?€ﬂd of Ne isotopic compositions of the gas-rich meteorites
r,Qidfthe frame-work of the known reservoirs viz. implanted
. SEP and S% as well as spallation (SCR-and GCR-proton
produced) components . :The results suggest necessity for
invoking  a higher proton flux with a pulse-like spectral
shape during the early history of the Sun. A qualitative
explanation is offered for this observation considering
poésible physical conditions in the early solar system
when interplanetary medium was denser and (young) Sun was

presumably much more active than at present.

During the course of this study, two meteorites were

found to be interesting viz. Isna (C3-0) and AH 77216, 18

- (L-3) as they showed the presence of Ne of planetary and
Solar compositions respectively in appreciable quantities
which is not common for their respective groups. Results
,of noble gas study of these meteorites have also been

presented.

Further, some relevant experimental studies are pro-.

‘posed to improve the findings of this study in future,
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CHAPTER T

INTRQDUCTION'

rpiéhetary space is a huge showroom of the charged
: .In this thesis, noble gas mass-spectrometry has
ployed to study the characterstics and effects of
,articles. These particles differ in their energies,
theiffcharge, in the way they interact and also in their
(Fig. I-1). The extremely high energy particles
"Qinucleon_l) are mainly due to the galactic cosmic
Qéﬁ) which originate most probably from supernoVa—‘
:Shs and.glso probably in pulsars. But in the low
itegion, it is particles of the solar origin whish
ate. Solar wind (SW) is a result of continuous exéaﬁ—
‘fithe solar corona. First predicted by Parker (1958)
,oﬁJideratlons of gravitational and klnetlc pressures in
'"bO?QHa; it received experimental conflrmatlon one year
fﬁby-iuna«3 and then by Explorer-10. The SW- partidleswf”\

mean velOC1ty of about figg km sec -1 which correSpondsr

eneggy of ~ Xe¥/nucleon. The solar cosmic ray (SCR)

5CIéééiﬁ contrast, have higher energy (A MeV/nucleon) .

s pértiéles originate in the solar flares. The charged

icles mentloned above are accompanled by a host of electro-
c‘radlatlons such as X~rays and Y} -rays but it is the
_ﬁafticle;component (protons, alphas and heavier

lCles) which is capable af bringing about observable

‘anges in the isotopic and elemental composition of the

; $ystem. material either by inductang . nuclear
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loﬁs or by Slmply gettlng 1mplgntcd into the target
= lal' This is especially true for elements with intrin-
ally’iow naturwl cbundonce (e.g. see Geiss et al., 1961
1965) such as noble gases. However the picture of the
arged particle distribution in the interplanetary environ-
of the solar system is getting more compllcated of
5w1th increasing influx of information. The origin of

e qﬁmnalous component of the cosmic rays is not yet well
'wn.‘ This component shows enhanced 0, N and Ne abundances.
rthe high energy region (=15 MeV/nucleon), it is found to
ncreasing with increasing distance from the Sun (Hoves-
madﬁ et al., 1973; Mckibben et al., 1975; Mckibben et al.,
9),and is possibly due to some steller source (Durgaprasad,
977, Biswas and Durgaprasad, 1977) . The low energy compo -~
'nﬁ'(dgz MeV/nucleon), however, may be solar in origin'as

gested by Durgaprasad (1977) .

This chapter provides a general background to the

Q?eral interrelated problems investigated in this thesis

which, in general, relate to the characterstics and mani-

éstations of solar and galactic cosmic rays. The specific
_troductory material is presented in the individual chapters
in detail but general ideas not appearing in the main body
”ffthe thesis though vital for understanding the motivation
nd S;gnificance of the work, are briefly reviewed here. A

tion outlining the scope of the thesis also follows.



TSOTOPIC STUDIES AND THE SOLAR SYSTEM

 The isotopic structures-of elements especially the
' gaSCS have received much atténtion in the last several

.fhe\noble gases, especially neon are effective

thcré‘éf the isotopic anomalies because of their chemical
rtaeés and high volatility which ensure a low natural
'kgféﬁﬁd in the samples. Thus it is easier to attribute
qgéerved isotopic and elémental anomalies in noble ¢gases
éléar process, implantation or trapping mechanism. As

sult of improved techniques, the samples of extra ter-—

trial material have been subjected to sophisticated
iﬁentation resulting in the unravelling of hitherto
fﬁféatures of isotopic structures and providing new
ueé‘éd\the solar system-processes. Xuroda's assertion of
-process 244p, yielding “fission-Xé (Kuroda, 1960) was
perlmentally verified by Rowe:and Kuroda (1965) and

ander et al. (1971) marking the importance of noble

SeS in dellneatlng the early nuclcosynthcsls~process.

nYﬁjaConcept has been confirmed, revised or completely

bendoned following such discoveries . Reynolds' discovery

129,
Xe (due to the decay of 1291) in the Richardton

_fe”gave the first estimate of the time interval

een the cessation of nucleosynthesis and solidification

h¢~bodies in the solar system (Reynolds, 1960). This

. 1
Sen¢e~°f Xe-excess indicates the presence of live 497



nﬁthé bbdy solidified. This is possible only if the time
éd since the endvof nucleosynthesi's was less than a
alfllves of 191 (T%".—_ 15.7 Myr). Another break-
uéh‘which led to the abandonment of the earlier belief
féing‘iSOtopic homogeneity inﬁthe solar system 1S study
fgoiggen and magnesium isotopes in Cé~Al rich inclusions in
kendu and other carbonaceous chondrite. The observation
a»excess l60 and Mg eStgbllShed the 1nhomogunelty of the
501ér nebula (Clayton et al., 1973; Lee et al., 1976) . These
'sults and several others (e.g. reviews by Podosek,

178 Clayton, 1978; Lee, 1979; Grossman, 1980; Wasserb rg
'€"ai., 1980) showed the potential of isotope-studies of
SSiar system-material . The knowledge of isotopic structureas
diEarly provide clues to many unsolved problems of solar

'Stem-processes .

Identification of various components in the meteorites
“ed on elemental and isotopic composition of noble gases |
8 a crucial achievement (Signer and Suess, 1963; Pepin and
’fgner, 1965;‘Pepin, 1967; Black 1972 a,,1972 b). It was:

‘pwn that the solar component is cnrlched in the light noblu

'ases comparcd to the planetary components. The question

Twhether the Sun and the planets were cogenetic or not could
1@135 probably be investigatoed using the isotopic criteria.
fIf the Sun and the pla nets represent material from the same

reservoir, then the isotopic composition (not reing subject



o the chemical fractionation) should provide the clua .

ple way to trace origin of certain material, therefore,-
20

s to compare its isotopic composition (e.g. ““Ne/““Ne and

frém some independent studies.

SUN AND THE SOLAR FLARES s

Sun is a normal star (G type). Though it is tﬁo-nearest
;Staf\to us, 1its behavior rémains enigmétic in several respects.
?here'are a number of obse:vational data and as a result too
 @any constraints to permit a simple-minded piCturé. Even the
basic processes operative on the Sun are not well-understood.
rAbout a factor of three lower neutrino-flux from the Sun,

fdr instance, is still’unexplained (Davis, 1955; Davis, 1978).
i#’number of possibilities have been suggested’such~as its

core being depleted in the heavy elements like Sg which is

%ﬁiy responsible for the neutrinos (Bachall and Ulrich,
’97i) aﬁd the possibility of neutrino-oscillations between
kmuéneutrino and electron-neutrino state (e.g. see Davis and
Evans, 1978). But the diveréity of opinions and lack of
égréement suggest that the classical model of thermonuclear
'précesses for energy generation on the Sun, may not be'an

,adequate account of what is actually occuring inside the Sun.



Spolar flare is a high energy phenomenon on the Sun
ally occuring during its active phase. The fl are -

curance follows an eleveén year cycle, the maximum flare

curance being in the middle of the cycle i.e. 'around’
timg_¢f the Sun spot maximum. A&s the time scales dealt
(iﬂ ;his thesis are of the order of million years (Myr)¥*,
eééféhort term variations are averaged out. & good amount
 ihfbrmation exists on the observational aspect of thé
oiéf’flares but opinions are divided over origin of the
soiar flares.‘ Howe&er, it is generally believed that the
remendous_amount of energy (upto m)lo32 ergs) associated

tﬁ the flares is derived from the magnetic field in the
Sﬁn‘though the mechanism is far from clear. Sweet (1958),
Petschek (1964) and Sonnerup (1970) had demonstrated how
:onnectlon of the magnetic lines of force can accelerate
he material as opposite polarity tubes meet. Newkirk (1973)
reportpd having observed more of open field lines emerging
i;om the flare region into interplanetary space suggesting
1§ close relation between the particle-escape and the solér

Magnetic field.

* Hereafter, the abbreviations Myr and Gyr will be used for

iilion year(s) and billion (giga) year(s) respectively.



}S:a COnsequehce of magnetic fields on the solar
‘vand in th=2 1nterplwn@tary medium, the characteristics
. flare particles are considerably modified between

tion on Sun and detection on carth. or in-space. The

,;érétiOn of particles on the Sun, their escape from there
lﬁﬁé propagation, all influence the epergies and the

y Spbctrﬁ of these particles. The observed vériability
:he solar emissions is a natural consequgnce of the inter -
~;5f these complex processesS. Highly unpredictable
:ihg, isotopic and clemental compositional variations

_as iﬁ 3He/4He (Hsieh and Simpson, 1970; Raméty et al.,
’,‘Kleck;er, 1979) variability in the relative abundance$s
f{cafbon and iron (Gloeckler et al., 1979;

;’ Dietrich and Simpson, 1979; Mason et al.;
979; and many others) indicate the complexitics of the

1are phenomenon. Theoretical attempts to explain the waria-

 ons”have met only with partial success. Several suggestions

++

S§Ch as of heating of ambient 3He in the lower corona by ion
vaécouStic waves (Fisk, 1978 and 3He production by spallation
olgate et al., 1977) to explain variations in 3He/4He and
idity-dependent entry into the acceleration zone (Price
;él,, 1971; Cartright and Mogro-Campero, 1973) to explain
:h§ Variatioﬁ in the elemental composition have becn proposed.
' Ut even with the enormous amount of available information,

a convincing answer to the true nature of the Sun still

eludes us.



EVOLUTION OF SOLID BQUIES AND RADIA”IONmRECORDS IN THEM

the results reported in this thesis make use of the

”atioh provided by the mas s-spectrometric study of extra-=

samples which were parts of planetary

dles’éuch as moon and the asteroids. The process of for-

fién and evolution of solid objects in the solar system is
rfffdm being fully understood. Gravitational instability
fad;geéﬁ suggested as a mechanism for forming planet-sized
diéé'(see Wetherill, 1978 for a review). Safranov (1969)
d Goldreich and Ward (1973) stressed the importance of
éﬁmﬁlation—process. The latter authors showed that kiloe. -
etre-sized bodies could be formed by small scale gravita-
tiénéi>instability and their subsequent accumulation could
;éSQlt in planetary bodies when the seed-planetesimal formed
in tl4s manner settle to the mid plane of the disk. The time
kpglevfor the formation of centimetre-sized bodies is short
(“1104 years) and if sweeping-up process dominates, the |
v§6cess could take 10-100. Myr to grow to planet-sizes
{}Netherill, 1978) . Once the solid bodies are formed,
regolith generation due to meteoritic bombardment on
the bed—rocks can build up to considerable thickness if the
/bédies are large enough to gravitationally hold a sizeable
‘fraction of the impact ejecta. Lunar regolith is essentially
fa‘result of such processes i.¢. communition of the bed-rock.

J?he life of a rock or a grain in this regolith is full of
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sér‘The.Surface material is continuously bombarded and

égélith grains are in a statec of continuous evolution.

tqp‘layer of the regolith is Continuously churned,

?ed and agglutinated until it is <overed by fresh ejecta
: 1£;ng from impact in the vicinity (CGault et al., 1974;

az 1977). & typical rate for such deposition is a milli-

gﬁré per Myr. During this process of gardening, the grains
eéérd the charged particle-signatures. The conditions in
tﬁe’aéteroidal belt can be considered to be qualitatively
simiiaro The intensity of SW or SCR irradiation iS, however,

egpected to be lower by an order of magnitude at about 3 AU

(Parker, 1963; anders 1975; 1978). The nature of these
récords of charged particles are varied and figure I.l.

summarizes some of these effects.

The possibility of the meteorites' possessing cosmo-
genic records was suggested by Bauer (1947) and Urey (1951).
VPénEth et al. (1952), however, were the first to obsecrve
_excess e in ordinary meteorites and attribute it to the
 GCR—Spallation during space journey of the meteorite. The
 journey of a metcorite in space begins with a high velocity
 impact by an external object on its parent body resulting in

its fracturing and then in hurling out of a part of the

fractured material with high velocity (greater than the
©scape velocity) into the space. Between thisS ejection into

 the Space and capture by the earth, the meteorcid spends
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onsiderable time (typically of the order of a few Myr) in

S§éce during which it is directly éXposed to solar.and
galé;tic cosmic rays. However, as a meteoroid falls through
the étmosphere, it loses its outer skin resulting in the loss
lbﬁ;éhergy~particle~records acquired during the space-

urney. However, some meteorites accumulated these

eéords during their pre-compaction history in the regolith
and they cén reach carth with SW-and SCR-records intact if
~ﬁhe brecciating event had compactéd some irradiated material
iﬁsideathem. These mceteorites, known as gas-rich mEtEOrités,
,Qéfe the first to provide evidence of SW-gases (Gerling and
@evﬂskii, 1956; Manuel and Kuroda, 1961; Signer and Suess,
‘1963; Marti, 1969) and later the records of heavy solar
5Hé?§etic particles were also found in them (Lal and Rajan,
~196§} Pellas et al., 1969) which they had acquired during

their residence in the parent-body-regoliths.

Meteorites are interesting otherwise also. Having
" been derived presumably from small parent bodies, most of
'?them (chondrites) have chemical composition résembling the
Solar composition for non-volatile elements. Being small,
fmany of these parént bodies had no significant internal
rhéat'sources. #As a result they escaped process of exten-
1§é\melting and cheémical rearrangement.though some of
' them underwent melting due to 26A1 or other radionuclides.

Moon, in contrast, underwent these differentiation processes
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ing invthe obliteratian of its embryonic features.
mGtEQrit@s are considered to be relatively primitive
cobiééféh The idea that meteorites came from smaller parent
'5 15 partly based on dynam;cal consideration, knoWledge
 és§éroids and the chemical and mirerological proper-—-
”éf‘ﬁeteorites (Wetherill, 1971; inders, 1975; anders,
iﬁéﬁﬁerill, 1978). Eventhough evidence for carbona-
,;iike material on asteroids has been found (Chapmanket

11975), considering the fragility, richness in volatiles

d short GCR-exposure age, the cometary origin for atleast

me of the carbonaceous chondrites can not be ruled out.

SOLAR SYSTEM-BODIES AND THE_CHRONOMITERS

~ Time is the most important parameter while narrating
évolutionary history of the solar system and solar sys-
bodies (e.g. Wetherill, 1975; Kirsten, 1978). A number
ihdices have been evolved for dating different events and
raﬁions of certain processes. No two such indices mean
ag;;y the same but a multi-pronged approach helps’in
ﬁﬁiﬁg,constraimts on the evolutionary process of a sample
under study. Different ages can be defined for a sample.
ﬁeagalactic.CQsmic ray (or GCR)exposure age denotes the

ielapsed since break-up from the parent body marking the

lehtation event. Proecisely speaking, the exposure age
deduced is the sum of the durations of the cosmic ray

Xposure in space and on the parent body. Comparison with
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éduced by some radionuclide technidue alone can
resolve these difficulties in favourable cases. The
ekéoéure age is a less precise term in the sense that
also defined by the technique used (range of effect.
ﬁe of residence in top one cm of the regolith or in

ne mm of the regolith). Normally the SCR-exposure age

he surface exposure age are meant to convey residence
ion at~ one cm shielding depth in the regolith.

"ciples of three commonly used dating technicues are given

Noble Gases : Following the demonstration

_excess 3He observed in meteorites was due to coSmic ray

; 21
eraction, several noble gas isotopes €.g. Ne, 38Ar and

Xé‘were found useful and came to be used for cosmic ray
osure age determinations (Paneth et al., 1952). With

,;OVéments in mass-spectrometric techniques (Reynolds, 1956)

és’well as a better understanding of the noble gas compoSi-
ons (Eberhardt et al., 1970; Geiss et al., 1972; Reynolds
'l;;'l978) and the systematics of cosmic ray production
néﬁie gases (Reedy and Arnold 1972; Hohenberg et al.,

8) versatility of this technique has increased. New

ng method based on 81Kr-83Kr (Marti, 1967) provided
éftunity to determine exposure ages independent of flux,
:ﬁe_method makes use of the ratio of the two production

t€s rather than absolute amounts. The basic principle
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e gas dating is that other parameters being constant,
hévsimplest case, the amoﬁnt of nohle gas produced is
;rééﬁly proportional to the duration of exposure. Therefore,
xposure age is obtained by dividing the measured cos-—
éc noble gas amount by the production rate. However,
p?éduction rate is a function of scveral parameters viz.
éﬁd énergy spectrum of protons,excitation functions,

get composition as well as depth and geometry of irradia-

i%mong other things. Thus the method requires several
tféarameters, Nyquist et al. (1973), €Cressy and Bogard
f1976), Hohenberg et al. (1978) and Nishiijumi et al. (1980)
’estﬁnated the noble gas production rates considering the
?th‘and composition parameters in case of several meteofi~
€s. By virtue of their stable and inert nature, noble
éés'are useful for dating where track and radio nuclide

ethods can not be employed due to the limitation of reso-

ution and saturation respectively.

,/2; Particle Tracks : This simple yet powerful
éhnique had added much to our understanding of the charged
‘ particle envirdnment in our solar system. Tracks are results
‘Fadiation damage caused by the enérgetic charged particies
1S/they traverse throuwgh matter. &n etchable radiation

amage is created in the dielectric medium(fwr Sxample
'éilicate crystals)when the damage exceeds certain

hreshold (Fleicher et al., 1975). The latent track formed
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'1ooiﬁ in diameteribut etching treatment with appro- -
' chemiceal, results in enlargcment of the track

that it can be viewed e¢ven with an optical microscope.

Lunar samples and meteorites accumulate tracks during
hc”rkexposuru to the heavy component (Z > 18) of the solar

galactic cosmic rays. The track density in a sample is

That is why one finds extremely high track densities
'lunar regolith grains. However, the maximum age which

an be\measured by this technique is limited by the hlghest
ack dcn31ty that can be measured. The highest measurable
’rack density is w108 tracks cm~? for the optical microscope
nﬁ‘about lOl tracks cm"2 for the transmission electron
miCroscope. Knowing the flux of the incident track-producing
partlcles and registration cfficiency of the de 2tector, one
can‘use the track-results for finding the exposure ages of
ﬁhe Samples. Several other variations of the track-method
 ®§ Surface-exposure determination are available. They are
mEEﬁods making use of the quartile track-density (density

ébdve which 75% of the grains lie), lowest track density and

tthb average track-density as given by Arrhenius et al. (1971),

'Flelchur et al. (1973) and Fleicher and Hart (1973). Study
 Of track features can yield clues to the history of the
$amples also. A@:isotropy in the track density, for ins-

Lance, indicates asymmetric irradiation such as on a
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ary regolith and obscrvation of track gradients on all

of a rock would indicate tumbling during the exposure

~ Track-information has often been used as complemen-—
y to the noble gas based results in this work as both are

sically manifestations of particles constituting two com-

nents (protons and the heavier nuclei) of the solar and

lactic cosmic rays.

Radionuclides : The cosmogenic radionuclides
> those produced as a result of spallation by cosmic rays.
¢se radionuclides have been subject of extensive studies
and'have been widely used as potential chronometers and also
yéﬁitors of flux and spectrum of solar protons (&rnold et al.
1961; Reedy and arnold, 1972; Lal, 1972; Kohl et al., 1977).
The application of radionuclides for dating is based on the
'géneral principle that a . radionuclide decays to
daughter nuclide with a characteristic half life (T ) or

deCﬁy constant ( N ). 1In the case of cosmogenic radio-

nugl;des, the production and decay occur together and for a

§Qingful determination of the exposure age, the duration

Must not have been more than a few half lives of the radio-=

nuclide. The most commonly studied cosmogenic radionuclides
1are~2§A1 and >3

Mn with half lives of 0.73 and 3.7 Myr respec-

Lively. &ll these methods face some problems or the other.
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h ;ﬁfack and radionuclide-based mcethods suffer from satura-
’ﬁ]and hence cen nét be applied beyond a certain exposure
ratidn defined by the reésolution in measurement £or tracks
ﬁdif life in the case of radionuclides. The noble gases
eféﬁmulative in nature and dcciphering the contributions
from different sources is not a straightforward affair.
Bésides this, radionuclides give information about the

céént exposure while noble gases give information about the
integrated exposure. However, the results derived from
fthese different indices for exposure age based én the above
'ﬁhree techniques normally show good correélation and are also
iéonsistent with the other maturity indices such as Ferro-
maghetic resonance (Morris, 1978), agglutinate content
(Heiken, 1975; Kerridge and Kieffer, 1977) and the grain-

size (e.g. Bhattacharya et al., 1975).

E. SCOPE_OF THE THESIS

The thesis primarily aims at investigating thc follow-
f'ihg problems : (i) The long term isotopic composition of
' sE§iNe is planetary or solar. (ii) Demonstration of the SCR-
'pfoton produced neon and determination of the surface-
ﬁéosure ages of lunar soils. (iii) Whether the sun was more
ac£iVe during the early phase of its evolution (i.c. 4.6

ijr ago).

*Solar cnorgetic particles.
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SEP-Ne Composition 3 | Whether it is solar
Qf‘SEP which represents bulk solar composition may be
Bie (Meyer, 1983) . Some believe the SW to be repre-

ive of the solar composition (hnders and Ebihara, 1982)

efSoﬁe take SEP to be representing the solar composition
Cam fon, 1973; Cameron, 1982). The SW elemental composition 1S
constant and the variations are normally reproducible. The SEP

- ; L . * .
sotopic composition and the Cl-meteorite based cameron's

iéf—system‘ value have been shown to be similar by

tfiéh and Simpson (19794) . What prompted the present

estigation of the SEP-composition was the suggestion that
e SEP-Ne has planetary composition (Dietrich and Simpson,
9797 Mewaldt et al., 1979). &after the measurements of

ebber et al. (1973), these were the only measurements of

_EP'Ne-isotopic composition. .

- Bven though the direct measurements of solar abun-
daﬁées were made as early as 1929 (Russel, 1929), the nobie
ases could not be measured in the Sun because of their

igher ionization potential and the low abundance in the

;roﬁa. Isotopic composition in Sun, to date, have not

een possible, to make by spectrographic methods .

The biggest drawback of direct SEP-measurcments is
théir vulnurability to the large variation. But lunar

Soils record the solar corpuscular radiation over long time

Carbonaceous chondrite of type 1.
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so they can prbvidé a valﬁe which is unaffected
e short term variations and is a result of integration
fﬁheﬁnﬁre energy renge. The accumulation of noble

\fin lunar soils is over tens of Myr as julged from their
%P sﬁfé ages. Thus lunar soils are expected to give long
 §alue in contrast with the rocket borne detectors which
Céily nmake obscrvations for a few minutes and satellites
VWhiCh typical duration is a few years. In this thesis
pgfied the long tcrm SEP-Ne and noble gas elemental
;oé'aé deduced from the analyses of etched mineral suites

grain size fractions) from lunar soils.

Particle—tracksand radio nuclides are conventional
ethods for the estimation of the surface exposure ages of
'héflunar samples. But the track and radionuclide based
ychhiques have an inherent limitation -due to the limita= -

on on maximum measurable track density and the saturation.

\baéed method is developed for the purpose of the deter-
;atidn;of lunar soil surface exposure ages. The available
nowledge of regolith dynamics (irnold, 1975; Duraud, 1975)
"djimp:oved experimental approach have been. combined to
aptitatively decipher the SCR-proton-produced neon in lunar
‘Based on this, model surface-exposure ages have been
iculated and shown to be qualitatively agrceing with the

her parameters of maturity.
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The more interestihg phase'of the solar history of the
ﬁjis’its early phase beforc it Jolnbd the main sequence,
Drcw1ng parallels from the hlotory of the other young stars,
expects a highly active sun 4,6 Gyr ago. For Sun‘Such
énce éan only be fossil. In this study, signatures of

h an active Sun are sought in the dark parts of the gas-
fch mutborltus which were exposed to the solar radlatlon
iring their pre-compaction history on the parent-body.

in@é solar cosmic ray protons are energetic enough to induce
uclear reactions, these effects are looked for in the neon

otopic ratios.

In brief, the scope of this thesis is the investiga-
on of the SEP-noble gas composition, demonstration of the
R;proton produced neon in the lunar samples and the identi-
iication and resolution of the SCR-proton effect in the
_gsfriCh meteorite-samples to estimate the SCR-proton flux

during the very early hiStory of the solar system.
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CHAPTER - II

BQUIPMENT AND EXPLRIMENTAL TECHNIQUES

The noble gas mass spectrometer used in this study was

digenously built Ultra High Vacuum (UHV) glass mass-

rdmeter. This is of conventional Nier design with 60"
r magnet and 11.4 cm radius of curvature. The mass-
meter is similar to the one designed by Prof. John

is at Berkeley (Reynolds, 1956). The technical details

mass spectrometer are given in a technical report by

lan et al. (1973),

In this chapter a description of the mass spectrometer
 its,performance are given along with the details of the

wPle§yand the relevant experimental techniques.

THE MASS-SPECTROMETER

 Tbis is aﬁ’all—glass\mass—spectrOheter (shown in Figs
_\hiéh”is méiniy intended for noble gas studies. The metal
S\érevkept to a minimum to minimise outgassing problem.
rék glass 7740 was used in the construction of anélYSéf and

taétion'section and some parts are made of He-leak proof



*sTsiTeue geb
®U3 J03 pssn I83duworlnads—ssew sgeTbh adA3-

sprouday ayg, [




- *I839WwoI3I™ds~ssew aY3 Jo maTa doa ayy, 2°1IY *B1g

AYLIN3 Sv9 . v3S oONiY diNNd NOI IATVA AHDN qv3S oNY
. — 4 H314NdWV-345d

3HL 0L
s

-

39nvova

, 0

328N0S NO!

d3Mdnw
NO8123373

| «\ sham |

~

\ N

'
~ “

\

U

L3INOVW




24

‘AﬁalysernTubé.;" The 11.4 ém radius of
ture of the analyser tube and the associated ion

iés, ih principle, permit sufficient resolution to

an lyée the heaviest noble gas isotopes of interest i.e. of
bﬁ. The inner surface of the analyser is coated with Sn
”to make it electrically conducting. This is to avoid
‘e charging of the inner surface which could result in

am‘defocussing. Figure IT.2 shows the schematic view of the

spectrometer.

Ion source : An electron impact ion source
s been employed in the mass spectrometer as it is known
o(produce efficient ionization and ion beam characterstics
;ﬁh low energy spread. The ion optics-design is based on
hefdesign by Nier (1947) and Reynolds (1956). A ribbon
llément of tungsten has been used in this machine. The
;trahigh vacuum at which the system was maintained, al-

owed a filament life of about 10 years.

Figure II.3 shows construction of the ion source
éSSembly. The gas atoms, ionized by electrons, are accele-
?§£8d to 50 to 70 eV by keeping the slit just in front of

,"h'e filament at + 50 to + 70 V. The trap is kept at + 60 V
w%th~respect to the slit plate. The first slit plate J

1
S kept at + 35 to + 105 V with respect to the filament

While.J3 is kept at higher potential (4 500 V) with respect
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1*aﬁd J, for acceleration of ions. The potential on J

;4J4

0% of that on J,. The split half plates J, and J, are

eanﬁ'fOr horizontal deflection of the beam. However, in

2’
and Jg can be varied by amounts ranging from 50% to

aétice, onceé a good beam is obtained,, only small adjust-

nts are needed.

Filament current is regulated by shield current. A

pical value for the trap current was 0.14 mA when shield

rrent was 0.7 ma.

3. Ton Collector Assembly and Blectron Multiplier :
The ion collector assembly resembles to some extent
the source assembly. The design (Fig. II.4) is based on
iNier’s (1947) . It has a collector plate with a slit Qidth
of 0.018" and is followed by a pair of split half plates
hsed for'horizontally deflecting the beam by adjustment of
 é]potential as in the case of ion.source. These half plates
rgf - grounded as in the case of collector electrode. The
blate C3 is used for pre-acceleration of the ion beam to

a few hundred electron volts before it impingeson the first
dynode of the multiplier. The multiplier is a ten stage-
SPM-103 Dunont electron multiplier with beryllium copper
TdYnodes. The high voltage for the ion collector and multi-~
gﬁiie? is supplied from a stablised high voltage D.C. dis-

tribution network. A high voltage of 260 V per stage is
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for Kr and Xe compared to 125 V per stage used for He,

'nd Ar improved the sensitivity for Kr and Xe signifi-

The part of the analyser section housing the collec-
and multiplier is wrapped with a mu-metal foil to shield

‘ roﬁ stray magnetic fields.

'4. Main Magnet and Source Magnet : The magnet
eé in this study is a 60° sector type electromagnet which
,@bines the dispersion and focussing action. The resulting
maéentic field, with field-current linearity being main-
ﬁaﬁned‘upto 8000 gauss (corresponding to ms 250 mA), suf-
ficed for Xe-isotope study. The pole gap of 7/16" allows
fegtmovement of the magnet. The magnet can be moved béck
§quforth with reference to the anélyser tube (thickness
“3/8") in the horizontal plan¢ over (non-magnetic) rails by
] Sé:ew—drive mechanism. Vertical and lateral ad justments
are made possible by use of four screws at the four corners
:Qf the magnet carriage. Repeated air spike (air standards)
 heasurements accompanied by incremental changes in the
lmagnet position are used to fix the magnet in the best
 Po$it;on with respect to analyser tube to achieve the best
ﬁéék\shape and resolution. The current for the magnet coil
S“éﬁpplied by a Kepco HV regulated supply unit HB4A(M)

_Capable of giving DC output of O to 325 V and O to 400 mA
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th less than 0.01% variation. The magnetic field is

ensed by means of a Hall probe. A small permanent magnet

wiﬁh nearly 100 gauss magnetic field is used at the sSource

té ¢ollimate the electron beam and to increase the electron
path length. This resulted in a lO-fold improvement in the

sensitivity of the instrument.

5.‘ Extraction System 3 The extraction system
sgsﬁown in Fig. .II.5. The double walled quartz bottle
encloées the molybdenum crucible attached to the base of a
'quartz funnel. The samples are stored in the side arms and
can be dropped into the crucible through a quartz funnel.
Sample—melting for gas-release is performed by means of a
12 KW RF jnduction heater. A water-cooled copper coii |
éncloses the section of the bottle which contains the:
_crucible. Temperature as high as 1700°C are achieved with
1§his system. The temperature is sensed with an optical
'ytcmeter with the reproducibility of + 25°C for a given
 §éltage. Cleaning of the released gases is performedmby.

- Ti-Zr getter and two VAC sorb pumps (VAC).

B. DATA ACQUISITION

The data-acquisition system consists of a vibrating
5ireed electrometer (VRE) of Cary 401 model and a chart recor-
der. The elcectron-multiplier output is fed to a pre-

amplifier which in turn feeds the VRE. Its. output activates
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7Honeywell Electronik 194 Lab. recorder. The data are
Cdﬁired in the form of peaks on a strip chart as a func-
tion of time. Peak height is linearly proportional to
he:gas isotope abundance. The multiple choice range switch

VRE along with the facility of choosing input resistance

. 1 12
_?, 107° and 10790 ) allows measurement of signals of

SYSTEM VACUUM

Study of the structures in the isotopic composition
_and detection of small contributions from a source against
 3 dominating backgrouﬁd from other source Jdemands high
degree of precision.and reproducibility in measurements with
. the’mass spectrometer - a requirement which, along with
aeﬁéral other factors, relies heavily on the level of the
achievable vacuum in the system. During the course of the

present stuly, ultra high vacuum has been maintained all

L . C -8
through. BExtraction side was usually maintained at 10O

; _ - -1 .

torr and analyser side at 10 ? torr to 10 © torr. This was

achieved by the combined use of rotary, diffusion and getter
ion-pumps. Liquid ritrogen traps are used between rotary

pump and diffusion pump and between diffusion pump and the
extraction system. Welsch-Duo seal rotary pump, an indi-
 génously built three stage glass mercury Jiffusion pump and a

getter ion pump are the major componeénts used for generating
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ltra high vacuum. After initial pumping down to 10”7 torr
,el; the analyser side- is jsolated from the diffusion and

otary pumps. Thereafter, pumping is Carried on only with

he getter ion pump thus avoiding any possibility of oil or
ercury contamination which can result in undesirable

ékground effects.

2. Baking : Two cycles of baking for twelve
hours each at 300-350°C are carried out following any
é#poéure of the system to the atmosphere. Every twelve-
fﬁbur—baking is followed by an equal duration of pumping at
?Oémvtemperature, This helps in realizing the desired
?équm quickly. However, in the case of short-term shut-
:danvof’the system; the extraction side is vented fo nitro-
 gen thus enabling us to recover the vacuum :easily. Two
 ¢venS, one each for the analyser and extraction section, are
prOVided and can be lowered over these sections for baking.
;Heating tapes can be wrapped around all those parts not
~énclosed by the ovens. However, as the system was not

:exposéd to atmosphere for long durations, only rarely was

baking resorted to.

3. Invertor : As a protection against power
ifailure, the system is backed by an invertor (1 Kw). This
'éutomatically takes over in case of power failure and is
fcapéble of running the rotary pump and diffusion pump for

two hours.
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q

4. Valves All the valves used are ultra-high

¢uum metal valves based on Alpert's design. V-1 is a
wriéble leak valve (Granville—Phillips valve); V-2, V-3,
vy_ék\and V-5 are C-type UHV valves (sce Fig. II.5) and V-7
is a low torque valve of similar type connécting the ana-
,lYSér section to the getter ion pump. (These valves were
;kindly made available by Dr.T.Kirsten, Max Planck Institut
‘fuf‘Kern Physik, Heidelberg). A pipette valve V-6 is pPro-
~Vidéd to draw air samples from the pipette. The valve V-3
jbins the extraction side to diffusion pump while V-5 con-

nects the analyser and extraction systems.

‘D;\‘ Measuranent Details The analyse$% are carried
_out in static mode. For calculating the mass-disScrimination,
gas samples of known composition are drawn from a gas
freservoir made of 1710 glass containing air sample with 3He
' éﬁrichment. The valve V-6 allows a constant volume of
  0;098 cc STP to be taken from the pipette for the analysis.
Alr spikes provide periodic checks on the cénsistency of

the instrument behavior.

1, Extraction and Purification : The extrac-
ﬁion and purification system consists of the RF-furnace,
'fsample bottle and crucible, water trap, charcoal fingers/
‘_VAC‘sorbs, Ti-2r getter and the standard air pipette

;Gpike). The pumps, valves and the furnace have already
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n descfibed. The Water trap is maintained at - 50°C

véing an acetone and dfy ice slurry) when the gases are
;ﬁg evolved from the sample (or being drawn from the

ké). This prevents the water vapour from getting into
thé system. The charcoal fingers Ch-1 and Ch-2 contain
iﬁivated charcoal powder which can adsorb large amount of
héévy (Ar, Kr and Xe) gases when maintained at about - 180°C
(liquid nitrogen temperature). Cleaning of the gases is
”érformed by means of a Ti-2Zr getter which is heated to
éSéOC and then allowed to cool for 30 minutes. This removes
ﬁhe»chemically acti&e gases. Two VAC sorbs are used to

ctack and pump the residual hydrocarbons and hydrogen.

2. Analysis Procedure : The flow chart (Fig.
fiI.G) outlines the general procedure. The sauples are
;dropped in the crucible by moving them from outside with the
?help of a nickle-wire (kept inside the sample arm) and a
ﬁmagnet. The sample is melted by means of an RF-induction
‘heater, Normally reached in 20 mihutas in three steps.

;In the case of low teémperature heating, the desired voltage
ican be reachéd directly. Heating is carried out for an
_hour with bottle isolated from rest of the system. Also,
EV—l, V-3, V-4 and V-5 were closed thus disconnecting the
extraction system from the pumping. During heating (of the
:Sample) or adsorption (of the air spike), the water trap is

maintained at - 50°C and Ch-1 at - 180°C. In the case of
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123325

ample, an cxtra ten mlnute—perlod is allowed for adSOrption ‘

of gases on Ch-l. For airspikes, instead, the adsorption
duratlon is 70 minutes. Now by closing V-2, extraction
boﬁtlé is separated and evolved gases subjected to cleaning

by haatlng the Ti-Zr getter to 850°C and allowing it to cool

for hal £ an hour. This is followed by half an hour of adoorm\

ptlon of cleaned gases on Ch-1 (He and Ne remain floatlng)

and then the gases can be let into the mass~-spactrometer

%for analysis. The intermediate steps of partitioning and

_equilibration are given in the flow chart. Aafter the ana-
lysis is over, gases in the analyser are pumped by an ion

pump through the valve V7.

As -the source filament is provided with a protection

relay in the circuit to guard against any spurious pressure-

rise, the analyser side ion guage is floated before lettlng

~ the gas into the analyser. Thus pumplng action of thg

 ioﬁguage is temporarily suspended. Helium and neon are

fdnalysed separately by letting them into the analyser sec-
tlon in two steps, Argon is released at - 100vC while Ne
is being analysed. Due to enormous.ééhtribution of radio-
 génic 40Ar, argon measurements pose probléms. Here ong,is
,fQCed with the problem of measuring two isotopes whose 
dnounts in the sample may differ by very large ﬁ@ﬁtars;
fThe difficulty was circumvented; by first letting a small

anount of the total gas into the analyser recording all the
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gsotopes. Then valve V-5 was opencd fully and all of the
gon allowad to equilibriate with the analyser section for

. 36, 38 .
a short time and only 3 Ar and Ar were measurcd in case

40Ar is out of scale during the full entry. Later, using

i . O
ratios measured in the partial entry, amount of total 4 Ar

was determmined. Krypton is released at - 45°C while Xe is

released by raising the temperature of the charcoal Ch-2 to

1120°C to desorb all the xenon.

The peaks are scanned by sweecping the magnetic field

continuously. It is possible to scan over the mass range

of interest (in automatic or manuél mode) and then switch
back to initial point to resume scanning. Normally 10 peaks
~ are recorded for each isotope. In addition, contamination

_ _peaks for example at mass 2 in He-~run, masses .40 and 44 in
~ Ne-run are also recorded because doubly charged ions €.g.

40 , 44++ are observed as 20+ and 22+. Since nxéoAr abun~-
‘dance is normally high, doubly charged ions may interfoere
:wmth‘Ne— measurements and have to be corrected for as

 described later.

Time duration between successive steps, equilibration
k~time; gas release time and Ar punping time etc. are kept
 fixed to maintain identical conditions and to ensure repro-
ducibility. Similarly the energy of ionizing @lectrons

(governed by the accelerating potential), multiplier voltage,
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lament current etc. are‘all kept constant. The ionization
/efgy was chosen by trial and error. While electrons should
given sufficient energy to create enoﬁgh ions, they should
ﬁ;c;éate too many doubly charged ions either as the iondiza-
on efficiency peaks much above the (first) ionization
téntial. In order to suppress the doubly ionized species
nd still attain a reasonably good sensitivity, different
ibnization voltages were employed for He,.Ne, Ar (50V) and
Kr, Xe (70V). This ﬂélped to a large extent in reducing

405+ and 44(C02) interferences .

DATA REDUCTION

The data reduction was off line. The peak heights

(signal strengths) are manually read from the strip chart
data are

'gnd/reduced using 1BM-360 computeér.

1. Algorithm : The values of isotopic ratios
and abundances have been back extrapolated to time t, of gas
entry into the analyser to find the true values. Linear,
exponential and quardratic fits were obtained for the signal
 versuS time data. The computer programme(ﬁo find the
value of the ratios and gas ~ amounts Jfits a straighﬁ line,

exponéntial curve and a quadratic fit to the data. This

Programme enables the calculation of the coefficieh£s>for

three fits yielding minimum value of }(2 (Chi—Squafe)
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,efined as

X = % [?L‘{H — Y= i').?\j

where @ri is the variance in the data points. In mass-
spectrometry it is not possible to find Y as heights of
aifferent pcaks are not measured under identical conditions.

Hence two ways of weighting the expression were used i

i) Equal weight to all data points (sz = 1)

ii) Statistical weight i.e. g 1/ peak height.

The value of Chi-square can be detemined by analy-
tical method which involves Hnearization of the fitting
‘function. However, convergence is slow for analytical solu-
,tticn method unless it is in the close vicinity of the
aéoiution (i.e. minimum Chi square - value). Therefore,
gradient-search method is combined with the analytical
 ,solution approach. In the gradient search method, the

coefficients of the function are varied to obtain the lowest

Chi-square value.

In the present Study the algorithm includes combina-
tion of the two methods as discussed by Marquardt (1963)

~and Bevington (1969). First the gradient-search method is

followed and on nearing the solution, algorithm approaches

&he analytical solution method thus improving the preci-
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 For gases released from the samples and for air spike-
yses the to- values are obtained by curve fitting as

scribed above. However, for obtaining to- values in the

sé Qf blank~runs, the hand-extrapolated ty, - values are
dl\ As blanks in gencral are very low, this does not
ntroduce any signi ficant error as deduced by comparing a

GW sets of blank-values obtained by these two methods.

The choice of a particular fit (linecar, ékponential
oﬁVQuardratic) is governed by Chi-square test. The data
thus obtained is further subject to corrections which are
depEndent on the mass spectrometer performance (see sub-

sections 3 and 4 below) and are incorporated whereyer
ecessary.
2. SensitiVity H The typical values for mass
Spectrometer-sensitivity are given in Table II.l. The sensi-
tivity remaiﬁed consStant throughdut a set of measurements

fg’for a given sample and variation over longer time periods

were also small. The values given in the table are typical

- of one such set. The senSitivity variation in Ne and Xe

over the last five years have been within + 10% and + 20%

respectively.

Source magnet is usual ly not disturbed. However, in

case of readjustment of the source magnet or in case of



TABLE II.1

SENSITIVITY OF THE MASS-SPECTRCMETER FOR NOBLE

GASES*

(io

Sensitivity

~10cc st per mv)

0.026

0.0016

TABLE ITI.2

for the multiplier (See section D).

BLANKS OF THE MAS3 SPECTROMETER

Normally O0.15 mV signal could be conveniently measured.

- The higher sensitivity is with the use of higher voltage

600°C  1000°C  1200°C  1600°C
’Bcc STP) 10 .0 11.0 12.0 9.0
'.Ne(lo“llcc STP) 546 4,1 4.1 9.9
it w11 . ‘
(107" "cc 3TP) 1.0 1.48 1.9 31.7
2L NS
Xe (10 l3cc STP) 0.4 0.6 0.6 0.45
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surement after a long lapse of time, recalibration is

ried dut‘uSing Bruderheim international standard (kindly

vided by Prof.J.H.Reynolds, University of California,

keley). A continuous monitoring on the instrument SLnSltl~

ty is provided by measuring air spikes of known amounts

fbre and after each sample run. Use of a source magnet

ffectlvoly increases the senolt1v1ty manifold. By use of a

gher dynode potential (26OV/stng 2) for Kr and Xe, higher

dn51t1v1ty is achieved. In case of very high Signalg,

lowur input resistance of the VRE can be chosen thus keeping

:he'signal within scale as discussed in section B and in

juch a case sensitivity will be different. The SLHSlthltY

n Table IIlis cxpressed in cc STP/mV and the measured signal

"fter broper blank and m.d. corrections) are converted into

c STP per g of sample by multiplying the sensitivity and

leldlng by the semple mass.

7,:3; Blank Corrections : When sample is heated in

the crucible, gases are released from the crucible also. In

ddltlon Some residual gases are always present in the analy-

vser. Therefore, the observed signals should be corrected

'for the cruc1ble—contr1butlon and for the background due to

’he residual gases. These contributions are estimated by

eatlng the crucible to the same temperature to which the

,ﬁmple was heated and then measuring the released gases. In

case the sample is heated in steps, blanks are also deter

”mined in steps. Normally blank corrections are small.
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?Ftual signal is obtaihed-by‘Subtfacting the blank correc-
ion from the observed signal. Table II.2 gives typical

values of'blanks for noble gases during this study.

4. Mass Discrimination and Its Correction :

‘éviation of the measured abundances from the true abundance
ue to mass difference is termed mass-discrimination (m.d.).
t is a cumulative result of several factors. Among factors

contributing to mass-discrimination are differential response

of the multiplier to different masses and fractionation in

the ionsource chamber. The mass—~discrimination (m.d.) can

be defined as : m.d. = T

where R. is the true ratio and Ropg 18 the observed ratio.
fMultiplication of m.d. with the observed value gives the

true ratio. The true values for air-composition are taken

from Neir (1950). The value of mass-diScrimination factor
is calculated by repeated measurements of the air spikes.
Nearly 200 such measurements were made over last five years
and the measured m.d.-values have shown remarkable consis-
1tency for any given set. Over this whole period also, m}d.
for neon has been about 0.4% per mass uﬁit and for Xe about
ié'S% per mass unit. The linearity in m.d. versus mass is
maintained when the ,m.d. was high. & set of typical values
for mass-discrimination is plotted in Fig.lL7 and ILB for

neon and xenon.
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SEIECTION, DESCRIPTION 4ND PREPARATION OF SAMPLAS

The noble gases observed in an extraterrestrial

ples result from several processes such as in-sSitu produg-
noby protons (spallation) and implantation of SW or SEP
nd/or from trapping. The SCR-proton produced noble gas

component is strongly depth and composition-depcndent thus

aking the sample selection important. Also masking effects

'dué‘to large GCR production as well as large implanted SW,
£ present, should be taken into consideration. Target
chemistry and sample-depth are also important criteria for

Selecting the samples.

1. Samples Lunar soils remain exposed to
Séiar,corpuscular radiations on the lunar surface for long
ﬁime—periods and therefore provide natural choice as detectors
for studying long term SCR-proton flux which are of present
;interest. Gas-rich meteorites are selected to déduce similar
*;ﬁformation for the early period (A4.6 Gyr ago) of the

;édlar System history. The lunar rocks are studied for

deducing their cosmic ray exposure ages

(1) Lunar Rocks : Three well documented lunar

rocks analyzed for cosmic ray exposurc ages are anortho-

_ Sitic breccias from lunar highland. Two rocks 61016 and
f 64435 weére collected during Appolo-16 mission while the

; third rock 79215 was collected during Apollo-l17 mission.
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ck 61016 was collected‘from a location near Flag crater.
t was dated by Stcttler et al. (1973) by 38Ar—37hr method

,ﬁd an upper limit of 7 Myr was given for GCR-exposure age.

Rock 64435 .is from Stone mountain which are covered
by South Ray crater ejecta (Appollo-16 Preliminary Science
Report, 1972) . The chemical composition of this rock was

determined by Laul et al. (1974) and Hubbard ot al, (1974).

The third rock 79215 is a brecciated troctolite and
has higher Mg-content as determined by Blanchard et al. (1977)
énd McGee et al. (1978). The plagioclase from this rock hasg
Qery low Mg content (w 0.06%) but the bulk sample may con-

tain as much as 5.7% Mg (Bhandari et al., 1976).

4#ll the three rocks are well documented as to the
 e#posure geometry and they have recognisable top surfaces,
 §8 detemined by particle track measurements. The samples
 Were taken from interior protions of the rocks as the

'purpose Was to find GCR-effect on feldspar targets. Samples
for Mass-spectrometry were selected from white portions

Hwhich are nearly pure feldspar. Table II.3agives the depths
fo thése three rock samples. |
(2) Iunar Soils : Soils of differring maturity

as judged from values of various available parameters

_ such as agglutinate percentage, particle track density or |
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TABLE IT.3 a

DESCRIPTION OF THE ROCK SAMPLES

Associated crater
on moon

Depth of sample from the
top surface (mm)

Flag Crater
Stone Mountain

Van Serge crater

l6-18
7 t5"‘9

5-8

TABIE II.3 b

DESCRIPTION. OF THE SOIL SAMPLES

Location on moon

Sample reference

Near Flag crater

Near Plum crater
Station G

Centre of the
multiringed basin

Bottom of trench (30-35 cm
deep)

Skim soil (top 5 mm)
Top of trench (top 1 cm)

From core
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gralﬁ size, weééiéhoéen; Tﬁé‘pufpose has been'tWO fold :
“study the cosmogenic component due to SCR and GCR protons
dfthe components of directly implanted solar energetic
fﬁidles. Both these effects are recorded by lunar soil
 éinS though they suffer from one drawback viz. uncertainty
h*thé'depth of irradiation. Only mineral separates are used
or study because SCR effects are sensitive to mineral éom-

osition.

Skim soil 69921,9 is a plagioclase rich soil represent-
;ﬁg top 5 mm of the lunar regolith. It was collected by the
ﬁbbllo—l6 .crew at station 9. It is expected to be mature as
iﬁdicated by its grain size and Ferro Magnetic Resonance (FMR)
éﬁﬁdies. It has FMR-index (Ié/FeO ratic) of 90 which indica-~

tes surface maturity (Morris, 1978).

The soil 61221 is an Apollo-16 soil dug from the
Jbbttom of & trench in the rim of Plum crater at station-1
_from a depth of about 30~-35 cms. The colour of the soil was
uhdsually white and it has scveral unusyal features such
,és‘high amount of low temperature volatiles (Gibson and Moore,
11973). This soil was known to be relatively immature based
[Onklarge mean grain size of 234 microns, low perceéntage of |
~glassy agglutinates (Heiken et al., 1973) and low I /Eed
_ratio of 9.2) datermlned by FMR technique by Morris (1978).

 As SCR-effects are more pronounced in the mature goils, th¢s

was
Soil sincluded in this study to provide a comparison.



hnother feldspar rich soil 14148 was taken which is'
upposed to be a mature soil (X /Fz0=. 74, Morris, 1978). It
wéé'collected from the surface of a trench at station G. It
as a median grain size of 87 microns (L S P T, 1971). Tt
repfesents top one cm of the lunar regolith. 26&1 activity
ﬁ £his soll is saturated (Yokoyama et al., 1975) while in
the so0il 69921,9 it is not, even though 69921 is at least

as much mature by othor considerations.

The soil 24087 is a mature soil taken from a depth

of 86 cm from 2 metre deep drill core collected during

Iuna-24 mission from a site just outside the innermost ring

of the multi-ringed basin of Mare Crisium.

These four samples taken from several locations and

varying depths show different degrees of maturity and may be

representing irradiation records of same or different epochs.

Table II.3 b summarizes the sample-description.

(3) Gas~rich Meteorites : Two H-chondrites,

Pantar and Leighton, and one L-chondrite AH 77216,18 are

 analysed in course of this work. The first two meteorites

7g belong to metamorphic grade 5 while the third mcteorite is

:L73 chondrite. The two other meteorites, Kapoeta and Fayette-

”Ville are  achondrite and H-4 chondrite respectively whose

bublished noble gas data (Black, 1972 a) arc used for




ccmparison. A description of the samples analysed (Table

II.4) for noble gases in the present study is given below.

Pantar is a fall and it has becen classified as H-5.
Pantar contains clasts which are as much equilibrated as the
,ﬁétrix. Wlotzka (1963), Koenig et al. (1964) and Suess ct.

al. (1964) have described its petrographic features .

Fredriksson and Keil (1963) and Koenig et al. (1964)

carried out chemical analysis. The results of Koenig et. al.

f(l§64) showed 'virtually identical' chemical composition in
{gheklight and the.dark portions for major elements. The
éamples for mass-spectrometric analysis were taken from both
kthe'dark and the light portions of thé meteorite after exami-
‘nation under the stereo microscope. The light portion was

quite free from contamination from the dark portion.

Leighton is a fall and Van-Schumus and Wood (1967)
have classified it as H-5. However, compositional ranges
,'of mineral grains overlap with those of unequilibrated He
 Chondrites. The individual dark portions can be classified
i as H-3,4 and the light clasts as H-5,6 but mineralogy is the
Same in both the portions (McSween et al., 1981). Track-
étudy in Leighton showed that about 0.5% of the grains

in the dark portion are irradiated by solar flare nuclei
(Goswami and Nithiijumi, 1980). For mass spectrometric
_analysis, dark portion of a meteprite was examined under the

Stereo microscope and a picce selected for stepwise heating
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TJ&BIJE& I I - 1—1-

DETAILS OF METEQRITE SAMPLES

Sample amount

Meteorite sample Type (mg ) Remark
Gas-rich
AH 77216,18 L3 238.8 Find  (1977)
leighton (Dark) H5 73.9 Fall  (1907)
7Pantar (Dark) 279 .5

. H5 Fall  (1938)
Pantar (Light) 95.6 .
'Carbohaceous :

Isna -~ I i 190 .4

C3-0 Find  (1970)

Iana - 1T 363.7
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analysis.

(4) Carbonaceous Chondrite : Isna, a carbonaceous
chondrite, was found in Egypt in 1970. Based on its
éhemICal and petrographical features (which showed a little
”“metramorphism) Methot et al. (1972) classified it as C3 mete-
:%orite. For mass-spectrometry, two aliquots were prepared.
'H”Isna—I was selected for Ne-analysis while Isna II was ¢x~

clusively for xenon analysis.

2. Sample Preparation : As different componentswr
of noble gases are sited at different locations, their reso-
\Hlution requires special care at sample preparation stage.

Séil Sample preparation involved size separation, mineral-
selection and chemical etching . Rock samples weré not given
any pre-treatment. The rock sampleé for mass spectrometry'
were removed from the white looking parts of the rocks using
stainless steel tools after noting the exact depth with

reference to the top surface (0 g cm™?) |

(1) Size Separation : Dry seiving using nylon
seives was employed and grains were separated into (40-90

microns), (90-200 microns) and (200-500 microns) fractions.

(2)  Mineral Separation : The standard heavy

- .didquid density-separation method was followed for mineral
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epéfatioﬁ. Férfeids?ar.separation, bromoform'(density =
339 g/cc) was used. The sample was thoroughly washed in

cetone and then in alcohol and allowed to dry in an
ven at 60°C for 12 hours. The feldspar separate so prgpared

ts also examlncd under stereo microscope to remove any
desi red camponents such as agglutinates. For the feldspar
fraction, special care was taken to remove any non-feldspa=

thic grains. Scanning electron microscopic examination of

,tandomly selected grains confirmed the purity of the pre-

_"ared samples.

For pyroxene separate preparation, sample was ‘cleaned!?

with a hand magnet and the remainder subjected to density

séparation in Methylene iodide (density 3.3. g/cc) in a

manner similar to that described above.

(3)  BEtching : To get rid of the overwhelmingly

dominating solar wind gases, diluted mixture of HF (40%)
and HclO4(GOZ) was used (HF,HClO4 and water in 1:1:10

ratio). However, for stronger etching as was done for

_byroxene grains of 14148, 24087 and feldspars of 631221 and

14148, a mixture of HyS0,, HF and water was used in 1:1:4

ratio.

The etched grains were washed in ethyl al*Ohol and

_ then left at 60°C for 12 hours for drying inside ¢n oven.
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after careful weighing, they were wrapped in thoroughly
cleaned, 99.9% pure alumunium foils and stored under vacuum
1nfthe sample arm of the mass spectrometer. From the
samples, a small aliquot was kept for the determination of

chemical composition.

(4) Chemical Composition : An Atomic Absorption
spectrophotometer (Perkin-Elmer model 3058) Qas used for
'thé chemical composition determination of the sample. &
Weighed anount of sample from the rock and soil mineral
separatés were taken and digested with yltra-pure hydro-
'VChloric acid. This was dilute&€d with double Jdistilled water
to the desired level for use in the Atomic Absorption spectro~
 photometer. The abundance of elements in the samples were
determined by comparing them with the peak heights obtained‘\

from the standards. &bundance of Mg, Al and Na were deter-

mined in this manner. Plagoiclase showed extremely low
magnesium concentration (™ 0.05%) while pyroxenes contained
appreciable (15 to 19%) magnesium. The compositions used
for the end point or production rate calculations were based

on these determination except when mentionad otherwise.




CHAPTER TII

NEON ISOTOPIC STRUCTURES AND PROCEDURES FOR

RESOLUTION OF VARIOUS COMPONENTS

The noble gas isotopic features observed in extra-
errestrial samples such as lunar and meteoritic meterial
are results of various processes that have occured over long
;;mé Spans; The vestegial records of. these processes are
tained superimposed on one another in these samples to
varylng degrees. What distinguishes the noble gases,lp
different reservoirs is their characteristic iéotopié
3éignatures. The knowledge of the isotopic structures ln
‘these reservoirs permlts the decompobltlon of the multi-~

component noble gas-mixtures into individual components .

In thlS chapter, the isotopic structures of neon are

brlefly reviewed and the analytlcal procedures, developed

to resolve the observed neon mixtures into individual

components, are described. Neon shows widely differring
1Sotop1c comp081tions in different reserv01rs. The com—
,p031tlon of the implanted componeénts depend on their
Sources while those of cosmogenic components depend on the
‘énergy spectra of the incident particles as well as on the

target elements present in these lunar and meteoritic

samples.



57

A knowledge of the exact isotopic ratios of different
components is an iﬁportant fequirahent for the quantitative
fSOlétion of the components from the noble gas mixtures,
:bServed in lunar and meteoritic samples. The noble gases
re good isotopic monitors because they are not subject to
.chemical fractionation. High volatility, especially of He
nd Ne, also implies they were'not condensed in the solid
yyédies when they formed. Of all noble gases, Né is one
Qeiement showing enormous differences among isotopic composi-
ition in different reservoirs and has three stable isotopes.
,Therefore isotopic composition of Ne has formed the basis of
1resblution of components in this study. The SCR-proton indusw”

ced neon isotopes have strong dependence on depth and

 isotopic ratios of Ne are model based estimates in the case

bof Soils as described later. For this purpose, the knowledge‘
’of lunar regolith—dynamics and that of depth profile of Ne- |
bproduction rates have been combined to obtain the resultant
’isotopic ratio and the average production rate for a given

composSition as described in section B.

A, NEON COMPONENTS

Many sources contribute to the observed Ne in a given
moon - or meteorite - sample (Signer and Suess, 1963; Pepin
and Signer, 1965; Manuel, 1967; Pepin, 1967; Black and Pepin, -

1969; Eberhardt et al., 1970; Hohenberg et al., 1970; Pepin

~ chemical composition. Therefore average production rates and
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~al., 1970; Black, 1972 a,b,). The observed neon can be

lnterest which one comes across in extraterrestrial samples.

HoWeVer, for reviews, reference is made to Bogard, 1971; Black,
972, c; Podosek, 1978 and Srinivasan, 1981 also. The im-
lanted SEP-Ne composition will be discussed in the

hapter IV, Fig. III.l shows different Ne-compenents .

=1, Implaﬁted or Trappéd ComponentsA:‘ Some of
_these componeénts have been in-situ measured (such as solar
w1nd) while some others (such as planetary) have been 1nfer—
 ;éd. The components llke solar wind dominate the observed
1nventory of gases whlle components such as Ne-E are present
:1n so small amounts that they can be dlrectly observed only
;ffphases bearing them are separated (and weight wise these
aphgsas conStitute less than 1% of the bulk) and then analysed
(Eberhardt et al., 1974; 198l; Alu«rts et al., 1979). Con-
~S§quently, for some of the components, compositions are
~r§liably known but in some cases only limits can be placed
 ¢“ their composition,

Table III.l contains the isotopic com-

fpositions of solar wind, planetary, atmospheric and Ne-E

. Components.

(1) Solar Wind (sw) The solar wind particles
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NEON -
ISOTOPIC STRUCTURES

SCR(F)

05 g.cm?® i, " GCR(F) ~ GCR(OL)
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1g.

0.2 0.4 0.6 0.8
NE-21/ NE-22

IIT.1 Different neon isotopic ratios

in various reservoirs.
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dominated by protons.(=w 90%) and they outnumber the very

y partlcle (VH, 2 2 18) flux by a factor of about 10%,

n51der1ng a proton flux of about 3 x 108 protons cm -2 sec."'l

. l AU (Ness, 1968), the time for saturation of outer « 300

”ngstroms (A) of a grain at 1 AU is ~ 100 YEs in the case of

ble gases such as helium or neon. These particles have

ergles of a few keV/nucleon and ranges of a few hundred 3

n chondritic material. Therefore, they can only be implan-

ed in the outer skin of the material directly exposed to

m and being very low energy-particles, do not induce

lear reactions.

The elemental composition of solar wind as deduced
ffdm*lunar sample studies is found to be broadly similar to

he solar coronal composition (Geiss et al., 1972; Cook et

al., 198@; Meyer, 1983). The Ne-isotopic composition was

150 measured in the solar wind composition (

ent. It was found to be 2ONe/zzNe =13.7 + 0.3 and 22Ne/

SWC) experi-

Ne = 33 + 4 by Geiss et al. (1972). 1In general, lunar

0113 yield somewhat lower values normally ranging from

Ne/22Ne - 12.3 to 13.0 (Hohenberg et al., 1970; Kirsten

€t al., 1970; Pepin et al., 1970; Frick et al., 1975). The
' 20

/alue of Ne/zzNe ratio was found to be 12.85 + 0.1 by

Eberhardt et al. (1970) in lunar ilmenite samples. In the

present work the 2ONe/zzNe and 21Ne/22Ne have been taken

to be 12.65 and 0.033 respectively (See Table III.l) for
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ar éamples. It may be noted that higher values for 20Ne/

Ne have been found in the case of SW in meteorites (Pepin,

67; Black, 1972 a).

(2) Solar Energetic Particles (SEP) : This
1fépresents the heavy component of the solar cosmic rays.
:iéjprotons induce nuclear reactions, the SEP get implan-
d in the surface regions of lunar and meteori tic gralns

eWSW but to a greater depth (51gn1flcant flux is noti-

eable only upto a few tens of microns due to the steep
11 in flux with energy). Limited results are available in

llturature on the elemental composition of SEP suggesting

he SEP to be close to SW in elemental composition (Dietrich
nd Slmpson, 1979; Mcguire et al., 1979; Cook et al., 1980).

n Chqpter IV of this thesis the problem of noble gas elemen-

al and Ne-isotopic composition in solar flare particles (or

JSEP) is treated and the details are given there.

(3) Planetary Neon (Ne-A) : This component was

_earlier inferred from the Study of carbonoceous chondrite

by P@pln (1967) . Black (1972 b) suggested that it could be

éimixture of super solar wind (Ne-D) and Ne-E. Another pro-

Position was that it could be result of mass fractionation

of solar wind neon (Z&hringer, 1962) but there several pro-
blems were recognized (Signer and Suess, 1963). The 20Ne/
22

‘Ne value for this component was deduced by Pepin (1967) by
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ﬂiﬁdihg the inﬁerééction of the trapped—cosmogenic cOmeSig
\ion mixing line_defiﬁed by several carbonaceous chondrjtes
:Mazor et al., 1970) with the SW-Atmospheric (terrestrial)
fmixing line. ©Now it is believed that thisS is an independent‘
3Compqnent and not a mixture of Ne-B and Ne-B (Reynolds et al.,
978) . The values 2ONe/22Ne = 8.2 + 0.4 and ZlNe/zzNe g
QQOQS are adopted in this study for planetary neon composi-—-
gicn (Pepin, 1967). The experiments by Berkeley group
(Reynolds et al., 1978) on the acid resistant, oxidizabie
;]residues from carbonaceous chondrites also yielded similar /
ﬁisotopic composition. They also demonstrated that the phases
which showed planetary elemental composition for noble gases
élso showed planetary composition for neon isotopes.

 (4) Neon-E : This component is present in minute
“,amounts ordinarily, but has been of considerable interest
’with.reference to the theories for its synthesis. Based on

~ Stepwise heating analysis of Cl and C2 carbonaceousychondrites;
the presence of Ne-E was first suggested by Black and Pepin
(1969)° It is characterized by very low 2ONe/22Ne and
:52;N8/22Ne ratios almost tending to be pure 22Ne. Probably

it is a nuclear component and exotic to the solar sy stem

fﬁ(Podosek, 1978) . Bern group (Eberhardt 1974; Eberhardt et

~al., 1978; 1981) carried out extensive analyses of Orgueil
density-separates and deduced the Ne-E composition to be

‘ONe/ZZNe £ 0.15 and 21Ne/22Ne < 0.022 indicating it to be:
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,éérly pure 22Ne. Eberhardt et al. (1979) attributed this
ﬁb presolar grains while Lewis et al. (1979) interpreted it -
fo be steller condensate. vHeymann and Dzickanieé (1976) |

5cOnéidered the production of pure 22Ne through 22Na (T%
f2.6 yrs.) by proton irradiatidn of solar nebula but several
pfoblems weére realized with this scenario also (Clayton et
fai;; 1977) . Similarly other models also do not converge
(Arnould,Norgerd 4 1978; Sabu and Manuel, 1980) and final word

is not said yet.

The two other (implanted/trapped) componeénts not
discussed here are Ne-D and atmospheric componeént. The Ne-D
 was attributed to premain sequence SW by Black (1972 a) and
is characterized by high 20Ne/22Ne value of ~v14 and low 3He/
4

"He. The atmospheric component refers to terrestrial atmos-

~ phere and its composition is taken from Niér (1950).

2. In-situ Produced Components These compo;”

~nents result from nuclear transformations (either SPnnténeﬁua
or induced e.g. spallation). Here we consider the products |
resulting from proton-induced spallation. The heavy
particle flux is much lower in abundance and reaction thres-
holds are . high. Henqe the protons dominate the particle
flux inducing nuclear reactions on suitable targets in extra-
terrestial samples. There are two main sources of energetic

particle radiations : the galactic cosmic rays (GCR) and the
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olar cosmic rays"(SCR) The Spallwtlon neon isotopic ratlos

roduch by these radlatlons are discussed below

\(l) Galactic Cosmic Ray (GCR) Induced Neon: Ex_
7fploding supernovae are considered to be probable GCR
sdurces- This is believed that their acceleration to high
Qﬁergies<(GeV>-can.,a take place in the intersteller

medium by Fermi mechanism (Fermi, 1949; 1954). The average
_GCR—proton flux (2

*tons cm ~2 sec~l (Nebher, 1967) and has been shown to be

>1 GeV) has been LStlmatLd to be 1.7 pro-

¢¢onstant over last 1 Gyr (Arnold et al., 1961) and

during
last few Myr (Tanaka and Inoue, 1979). In the inner solar
yStem, the moon and other extra-terrestrial objects con=

stantly record the effects of the GeV-protons. The GQR-

particles (B 100 MeV) follow the following energy spectrum

 (Reedy and Arnold, 1972)

(B,d) = K (X +E) |
III.1

where K is a normalization constant and & determines the

""Spectral shape. The three neon isotopes produced by inter-

”wactlon of protons on chondritic material have approx1mately

\equal abundance and in Table IIT.2 the isotopic comp081tlons

of GCR produced neon in Mg-rich (pyroxene) and Mg-poor

(feldspar) minerals are given. The interior samples from

lunar rocks and ordinary chondrites in general show pure

GCR-neon and the observed neon isotopic ratios show small
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TABLE II1,2

EFFECTIVE PRODUCTION RATES AND END POINTS
FOR COSMOGENIC NEON IN LUNAR SOILS*

21

Ne Production rate** Ne-isotopic ratio

(1078%c sTP g*lMyr*l) 2ONe/22Ne 21Ne/z2

yroxene ' 0.127 1.67 0.63
Feldspar 0 .05 0.628 0.43
Pyroxene 0.18 0 .856 0.873
eldspar 086 0.76 0.768

,These values are calculated making use of results of

thenberg et al. (1978) for production rates and those of

Duraud et al. (1975) for residence time at different depths

in the regolith. For meteori tes,

one tenth of those given here,

used production rates are

~ ®The GCR-production rates are valid for 20 g cm™2 depth.
The chemical compositions used are as follows :

b

Feldspar : 0.02% Mg, 18% al, 22% Si
‘Pyroxene : 18.5% Mg, 0.02 % Al, 21% Si

However, the values strongly depend on the chemical com-
Positions and therefore valid only for the above composi-
tion. For di fferent compositions,

values have been used.,

accordingly corrected
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riatiqns with the location of the sample in the parent
dfrdf the given size and composition. Boschler et al.

1969) studied several mineral phases of ordinary chondrites.
/pf Eléﬁovka, the deduced GCR-Ne composition for pyroxene
VLZONe/zzNe = 0.856; 21Ne/22Ne = 0.873 and for feldspar
21N8/22N

feldspar separate fram the interior of lunar troctolite

0. 22 | S
Ne/""Ne = 0.797; € = 0.799. Later, analysis of
76535 gave ONe/??Ne = 0.76 + 0.03 and “*Ne/’“Ne = 0.768
‘110.04 essentially in agrecment with the meteorite based
~vélues (Lugmair et al., 1976). 1In this‘thesiS, the value
for pyroxene is taken from Boschler et al. (1969) and that

for feldspar is taken from Lugmair et al. (1976).

2, Solar Cosmic Ray (8CRJ) Proton induced,<omponents: The
steeper energy spectrum of the SCR-protons results in the
distinct isotopic signature for SCR-induced ncon. The SCR
proton effects are generally restricted to a deptﬁ of abouﬁ,
‘; cm frbm the surface of the sample. To represent the

energy spectrum of the SCR, two forms are commonly used :

(a) Power law in energy : (111‘2)
an - ke ¥ '
ae

(b) Exponential rigidity shape: (II1.3)
) an R )

— < I —
Here K and K'are constants; ¥ (gamma) is another con-
stant (spectral index) defining steepness of the spectrum and

ranges from 2 to 4 for different flares. The characterstic




figidity RO determines the steepness of the spectrum and is
expressed in mega volts (MV) whose value ranges from 40 to
gQOO MV (Reedy and Arnold, 1972)° Neither of these spectral
:représentations covers the whole range of energy. The
frigidity form has been found tb be more appropriate for the
1raﬁge 10-100 MeV/nucleon which is the energy range of
interest for nuclear interaction (Frier and webber, 1963).
Thls form was adopted for the calculation of cosmogenlc Pro-
‘ductlon rates due to SCR by subsequent workers (Reedy and
Arnold, 1972; Hohenberg et al., 1978). However, Bessel
function in rigidity has also been shown to be a good fit #o

the observed proton and alpha-spectra (Mcguire et al., 1981).

B. NEON PRODUCTION RATES

1. GCR Produced Neon : In this study, for GCR-
proton produced Ne in meteorites, production rate deduced by
‘Nishiijumi et al. (1980) have been used as given in Table
III.3. The production rate given by them is
Pyy = 4.845%P, (L.11)xFx(21.77 22, /21 ) - 19.32)7%
(11r.4)

The normalization is with respect to L-chondrites with

5 ,
2 “Ne / Np = 1.11. The values of the corstant are 1.0 for L

and LL chondrites and 0.93 for H chondritess The suffix 'm'
Andicates she measured value.

The GCR-production rates of Nishiijumi et al. (1980)
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are consSiderably lower than those of Cressy and Bogard (1976)
but are closer to the valués reported by Hohenberg et al.,
(1978) after accounting for the differences in the expoéure
geometry of the meteorites andvlunar samples. The compoéi—
tion-corrected GCR production rates thus calculated are
‘ﬁgiven in Table III.2 and are in good agreemeént with the

8 cc STP g"l Myr“l for feldspar and 0.11

1

values ( 0.1 x 1@~

8 Myr"l _for pyroxene grains) repor-

to 0.21 x 107" cc STP g~
ted by Frick et al. (1975). For meteorites, wvalues reported
by Nishiijumi et al. (1980) have been used while for lunar
| rocks and soils those based on Hohenberg et al. (1978) are

used in the present study.

2. SCR Induced Ne Production Rate 3 Hohenberg
et. al.(1978) have given depth dependent Ne-production rate
in different target elements based on Reedy-Arnold type
spectrum (J=70 protons om™ 2 sec.~l and Rb = 100 MV). While
for lunar rocks applications of these values is relatively
straight forward (except for erosion correction), continuous
evolution due to micrometeorite-bombardment makes the situa—
tion complex in the case of soils. The soil grains do not
have a fixed depth of irradiation all through their exposure
history in lunar regolith. Instead they are continuously
stirred. ﬁowever, on a statistical basis, it could be cone .
sidered that a grain starting its joummey on top of the soil .

layer gradually goes down rclative to top surface. Monte~garlg




TABLE TII, 3

lyh PRODUCTION RATES IN METEORITES

 Meteerite 21 (1078c sTP g lMyr ) Reference

H-Chondrite ®.288% Nishiijumi et al.(1980)
L,LL Chondrite 0.31% Nishiijumi et al.(1980)
- C3-0 Chondrite 0.3 Mazor ei a¥f, . (1970)

* Normalised to 21Ne/22Ne = 0.9
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falcﬁlations were made by Arnold (1975) and Duraud et al.

1975) to trace this tra ajéctory with respect to time. Their

esults showed that the downward movement of the grain is

not monotonic in nature and trajectory of the grain is Zig -

zag. FYor the residence time €stimation, a straight line fit

has been taken from the figure given in Duraud ot al. (1975).

In calculating the SCR induced Ne end points, the soil

grains have been considered to be following thisvtrajectory

and residence times at different depths have been read from

this figure.

Correspondingly, depth and composition dependent Ne-

SCR production rates have be:n found by 1ntgrpolatlon of the

calculated Ne-production profile of Hohenberg et al. (1978).

'Nuemerlcal integration has been performed upto 1 cm to find

the resultant aveérage production rates and end point composi-

_tion considering that, on average, the grain movements follow

regolith evolution model of Armold (1975)
(1975),

and Duraud et al

The production rates and Ne-isotopic ratios are

given in Table III.2. A&s the flux-values used in these cal-

“ulation were those for moon, the SCR-production rates for

meteori tss are expected to be lower by a factor of ten. There-

,fore for the gas-rich meteorites, the SCR production rates are

accordlngly correctedes The assumption is that meteorites were

;Jlrradlated at about 3 AU distance from the Sun.
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RESOLUTION OF DIFFERENT COMPONENTS

Reynolds end Turner (1964) introduced a method for

presenting:Ne-data in whigh by plotting Ne/zzNe and
2%Ne in three isotope.Ne diagfam one can study the mixing
,behaviour of the components. Compoéition of mixture of any
1tw¢ components (values normalized to the same isotope) falls
.along the line joining the compositions of the two individﬁai
components. In this type of prescntation (Fig. III.1), a

three component-mixturcs have data points falling within the

triangle defined by the three cnd points.

Fig. III.1 shows the various components of neon .
Solar wind neon as determined in lunar ilmenite grains
Lo 20, ,22 ;
(Bberhardt et al., 1970) has highest ( Ne/“"Ne) value while

that based on pyroxene and feldspar grains show somewhat

Planetary composition (Pepin, 1967; Reynolds et. al., 1978)
are also plotted. The GCR Ne compoSition has a spread, with
feldspars having lowest 2lNQ/ZzNe'ratio (0.768) and olivine

the highest 21Ne/22Ne ratio (0.94 + 0.1) as inferred by

Lugmair et al. (1976). 1In the case of feldspars and pyroxenesa'

the SCR-Ne fields are very different from GCR fields and also

show different depth-dependence. A&ll neéon-data in this study

will be presented in three isotope neon diagrams.

lower values The atmospheric composition (Nier, 1950) and 35f
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Components are resolved analytically. Quantitativé,

érocedufes basedeH the knowledge of Ne compositions were
:aeveloped for identification and resolution of different
(contrlbutlons from different reservoirs by Rao et al. (1978)
The b1818 of resolution is isotopic ratio signatures. Not
only are these ratios different in different reservoirs,
‘th8y may also vary with depth of irradiation as in the caée
_of SCR-prqduced componeént. Given the irradiation depth and
chemical composition of the Sample, it is possible to esti-
mate the SCR-proton produced Ne-isotopic ratios. The
‘vtechniques for decomposition of the neon isotopic mixtures
to resolve SCR-Ne makes use of the above parameters viz,
vdepth variation of SCR prodiced Ne-ratio and the_différenceé.
in isotopic ratios of Ne from different COmponénts. For a
' Jgiven Sample, the total measured 22Ne can be equated to the

~_sum of individual contribution, as shown below :

22Ne = 722Ne + 22Ne + 22Ne
m s g t

where subscripts m, §, g and t denote measured, SCR, GCR and
trapped respectively. Simplifying and denoting SCR, GCR and

'trapped 22Ne fractions by 5S¢ G and t respectively ij.e.

22 22 22

Ne Ne Ne
— g t = t
ST o . 9 = 22, ‘ 22,
Ne . € m m

we get s + g + t = 1 (III.5)




73

. 2 .

a similar way 2ONe and 1Ne can be equated to contribu-
ions from different sources. As the observéd ratio is
esult of combination of the ratios from theée 3 sources,

the following two equations can be written :

200y =/ 20y 20, \ /2040
225’ \22,/ %% (33 oo/ "\ * "
m € s €t
( 21Ne> =<21Ne) X + <;21Ng> X g +/’21Ne> X t
22N 22Ne 22Ne \ZzNe
S t
hese equations can also be written as :
M =5 Xs +Gxg- T, X t (11I.6)
My =8 X s +Gx g+ T, x t . (I11.7)

_Here M is used to denote the measured isotopic ratios. The
symols S, G and T are used for denoting Ne isotopic ratios

~due to SCR, GCR and trapped components respectively with

 subscripi5O and 1 distinguishing 20Ne/22Ne and 21Ne/zzNe
ratios respectively. Solving equations III.5, III.6 and
III,7 gives .
_ (M, =~ 8) - ¢ (T, = 8,) (1r1.8)
o) o)

Value of g thus obtained can be substituted in IIT.7. Using

__EBQuation III.S5.

M, - 38, + 5 X(MA—'S\\ Mo - Son
1 1 1 \gT=s /- ¢ xXg—=%")
t o= " Yo o o) o (ITT.9)
. T S . _
- Sl*slx(“2~:_~9> - G x(To - SO>J 7
G - S 1 e 1
o o GO — So
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Using equation III.5, s.= 1 - (g + t) (III.lo

To find 22Ne amount contributed by any reservoir, the coef-
ficient , g, g and tcan be used. Multiplication of the
coefficient with the total measured 22Ne gives the amount of

2Ne contributed by that component. Thus

o= 2
22NeS s x 2 N

en |  (zI1.11)

20 2

Ne/22Ne or lNe/zzNe ratio with the

Multiplication of the
22Ne in a particular reservoir gives the contribution of gbatq
componént to the isotopes ZONe and 21Ne. . The 21Ne obtaiﬁéd
ih this manner has been used for estimating the SCR-and GCR~
exposure ages of the samples. Here the 2ONe/22Ne and»ZlNa/
2%Ne values for SCR (S) and GCR (G) and trapped (T) are knownq
from the literature (Hohenberg et al., 1978; Eberhardt et él.

1970 and also Chapter IV of this thesis) .

The input parameters for these equations are the Ne-
isotopic ratios in various components. In TableVIII.l“énd
II1.3 are given the values for different reservoirs usedlin
this study. The SCR-end points are depth and composition
dependent and Fig. III.l gives an idea of variation in dif-

ferent targets.

In the case of carbonaceous chondrite Isna where

planetary and cosmogenic neon are present, two-component

procedures are sufficient with planetary Ne and GCR-Ne ag
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two end points. Using the observed 20Ne/22Ne and ZlNe/zéﬁéA
values and the two end-point: compositions spallogenic and

trapped contributions have been'resolveda

D. ESTIMATION OF IMPLANTED NEON

Light ions ( #< 18) do not form etchable tracks in
glass andAother minéral detectors such as feldspars and
pyroxenes, thus making the estimation of the solar flare
neon-flux from track studies impossible. The Fe-group
nuclei form tracks and hénce surveyor spcectrum provides
information about Fe-group particle - flux (Crozaz and Walkef}
1971; Eleicher et al., 1971; Price et al., 1971). To infer
the Ne-flux from Fe-flux one requires knowledge of Ne/Fe
ratio in solar flares. @loeckler (1979) has considered data
from different sources and inferred that in 1 to 20 MeV/
nucleon energy range Ne and Fe are nearly equally abundant
(Ne/Fe ~ 1.06) whereas in the Fe-rich flares the ratio is‘2
but in co-rotating particle events, the same ratio is about 1
(Gloeckler, 1979). Cameron (1982) has given a value of 2.9
for the solar system Ne/Fe ratio. On the othér hand, Cook
et al. (1982)-reported elemental obundances for 7 flares erm:
Sep. '77 to May '78 and in sclected four flares, they find
Ne/Fe ¥ 0.9 which 1is vely different from the value adopted
by‘Cameron'(1982). If all the 7 flares reported by Cook et
al. are considered, the Ne/Fe ratio is 1.1. For estimation

of implanted SF—Negﬂ 1.0 has been used in this study.
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To estimate the amount of implanted gases the infor-
;ﬁation on Fe-group flux and spectrum is, necessary. The
feérlier direct measurements were made with detectors aboard
'rockets thus limiting the obscervation duration to a few
 minutes. The opportunity of studying relatively long term
average iron-group nuclei flux and spectrum of solar flare
particles came when a glass filter of Apollo-12 TV camera
Was‘returned to the earth in 1969 after exposure on lunar

~ surface for a period of about 2.6 years. Detailed studies

’bn this glass filter by Crozaz and Walker (1971), Fleicher et
al. (1971) and Price et al. (1971) resulted in deducing long -
term energy spectrum for solar flare Fe-~group nuclei based

on particle tracks and the spectrum adopted in this study
(Fleicher et al., 1975) is as follows :

.. -2 -1, -1
- -3, M S
AN 4.1 x 1012 g~3-3nuclév cm yr r

dn : IIT.12)
dE 25Mev/nuc leor! (Mev/nucleon) ! ,( _ ')

s

At energies < 5 MeV/nucleon, the values are read from the

'reassesed' spectrum as given in Zinner (1980) :

12,.-2.8 1

- ~1. -
dN Y= 3 x 10778 nu%lei cm 2Myr Sr
dE <5Mev/nucleon (Mev/nucleon) ™

(II1.13)
Based on these two spectra, implanted neon (SEP-Ne) estimates
are made by integrating upto 20 MeV energy as contribution to
implanted component by particles > 20 MeV/nucleon is very

small. The lower limit of Energy for integration is governed

by the etching. This limit is teken in accord with the

thickness of etched layer based on range énergy curves given
o THE LIBRAR N

RECSEARCH LABORATORY

WMEDABAD-38000%9
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by lal (1972) . However, it may be added that more than one
:spectra have been deduced to represent the SEP and they
 con$iderably differ (e.g; sec Blanford et al., 1974;
;Hﬁtcheon et al., 1974 and the reviews by Hartung, 1980

jand Zinner, 1980). Thus the estimates of implanted SEP-

neon suffer from large uncertainties.
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CHAPTER IV

NOBLE GAS COMPOSITION OF THE RECENT AND

ANCIENT SOLAR ENERGETIC PARTICLES

The present study is an cffort to understand the

i sotopic composition of Ne emitted in Solar Flare events
gUsiﬁg.lunar samples and meteorites as detectofs.' The compo-
sition of the solar cnergetic particles (hereafter SEP)?'ié
:6fvinterest for several reasons. Not only does it help us
to understand the composition of the Sun, it also contribus
tes to our understanding of the mechanisms operating in tﬁé“’

Sun during particle acceleration.

The significance of the solar energetic particles was
duly recognized when the similarities between the photo-
‘Spheric and SEP-composition were demonstrated based on the
_particle tracks in the emulsion stacks exposed to the SEP
(Biswas and Fichtel, 1965; Lambert, 1967; Durgaprasad ét al.;
1968; Bertch et al., 1972). In other words it meant that

‘ étudy of the SEP offers an opportunity to»saméle the solar

material (Cameron, 1973). &s a résult)now SEP-composi tion

*Hereafter, the event of solar flare will be referred to as
solar flare (or SF) and the energetic particles emitted in
“these flares will be referred to as the solar encrgetic

particles (or SEP) or‘SF*partiCles.
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has been accepted as repfesenting the solar system composi—i

fipn wherever meteoritic data are imprecise or not available

'Cameron, 1973; 1982). Solar energetic particle-measurements

re given preference over the solar wind measurements for

leducing the composition of the Sun because being high

nergy particles the SEP are subject to less fractionation.
(.

It is in this perspective that the study of

the problem of SF-Ne composition has become important. The

~ SCR consist - mostly of protons and alpha-particles and a
émaller fraction (M 1%) of heavier particles. Later, in
Chapter V, the effects of protons will be discussed. But
here the study is confined to the resolution and characteri-

zation of the implanted %olar energetic particles.

éq MEASUREMENT OF SEP~-COMPOSITION : EARLY ATTEMPTS

Elemental abundances are prone to chemical and mass-—

fractionation.ﬂbweVer these problems are much less serious

in isotopic ratios and therefore the Study of isotopic

~ ratios can yield valuable information. As neon shows a wide
range of well defined isotopic compositions in different
reservoirs, it provides opportunity to trace the source
composition and to characterize the source material. Photo-
"Spheric measurements may provide such information. But for -
a relatively cool star like our Sun (photospheric temperature

v SBOOOK), measurement of neon in photosphere is difficult
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ue to its high 1onlzdt10n potential (21.6 eV) and the
“hromOQpherlc melburbmtnts are unreliable due to high errors

associated.

1. Direct Measureménts : The direct measure-
ments of SEP-Ne remained inaccessible till the data from
,Charged Particle Telescopes (CPT) flown aboard the satellites
‘and spacecrafts in the last decade became available. By
that time, techniques had bcen perfected to the extent of
'making isotopic resolution possible by improved methods for

the energy-loss measurements and path-length-determination.

These improvements (Garcia-Munoz et al., 1977; Mewaldt et al.,
"11979} provided Jdata with better resolution compared to the
earlier values for SEP-neon composition reported by Webber
et al. (1973) which covered planetary as well as the sblar"

2ONe/22Ne ratio. Thesz CPT-instruments were

wind value for
_ carried aboard the satellites IMP-8 and ISEE-3. Increased
activity of the Sun around 1978 aided the isotopic and ele-

- mental stuly of the solar encergetic particles. Of the many

””heasurements made, those of direct relevance to the present
study are results on SEP-Ne isotopic composition reported by
Chicago and Caltech.groups (Dietrich and Simpson, 1979;

 Mewaldt et al., 1979) who measuréd the SEP-Ne-isotopic ratio
in 28-49 and 11-26 MQV nucleoﬁlenergy ranges respectively.
Based on these experiments, they reported a value of 7.7

(+ 2.3, - 1.5) and 7.6 (+ 2.0, - 1.8) respectively for



8L

Ne/“"Ne ratio in solar flare neon. What was more signifi-
cant was their suggestion that the Ne in the Sun has plane-
tary composition. This conclusion was based on the simila-

rity between the observed value of o2 7.7 with planetary neon

value of nUB.2 (Fepin, 1967; Reynolds et al., 1978; see

Chapter III also). This inference triggered an interesting

 debate regarding the neon composition of Sun and the present

work has direct bearing on this problem.

The CPT-measurements of the Solar energetic particles

span over a few years and values for individual flares vary

widely. Therefore it is important to know whether the CPT-

data really yield a value which can be considered to repre-

sent averageé value over the long history of the Sun. Aas

Variations in the Ne isotopic ratio from flare to flare are

large, direct measurement have certain unav01dable llmlta*

ﬁtlons despite excellent resolutions achieved.

2. Long Term (Average) SEP-Composition: To study

Solar flare composition averaged over geological past, we

cequire detectors which have been exposed to solar flare

radiation over long time periods. Lunar soils were recog-

nized as potential detectors for collecting SW - gnd SEP

and have been successfully exploited in the last decade

(Eberhardt et al., 1970; Hohenberg et al., 1970; Pepin et al.

1970; Heyman et al., 1975; Crozaz, 1977 and many others) .
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hat implanted solar flare particles -can b&¢ present in the
 lunar soil grains is not a novel idea. Lal and Rajan (1969)
and Pellas et al. (1969) were the first to show SEP-cffects
in the meteoritic crystals (eveh before lunar samples arrived)
by measuring the charged particle-track-densities and their
gradient with depth. They showed that these grains had been
ifradiated by solar flare particles. Later work by Wilkening
(1971) and Macdougall et al. (1974) showed that these records
ére accumulated during the regolith history of the meteoric
_material. As early as 1972, Black had suggested that gas-rich
meteorites could be having implanted SF-gases in grains from
dark portion of these meteorites. Based on the observed data
points of neon-analysis of bulk samples of lunar fines and
fgas—rich metsorites, he inferred a value of 20Ne/22Ne = 10.6

+ 0.3 for SEP and termed this neon componeént Ne-C. Price and
Rajan (1973) made use of the published data on Khortemiki
(Eberhardt et al., 1965) to show that the trapped 2ONe and
36Ar in this sample were nearly equal to the estimated
_amounts of these two gases due to solar flare implantation. 
 ﬁ‘few vyears later, Leich et al. (1975) carried out an elegant
experiment involving sequential etching of lunar ilmenite
grains (0.6 to 1.3 microns) and mass-spectrometric analysis
‘Of the ctched residyes. The aim of their experiment was to
identify the SEP-componént in the observed gases. Around
that time, several workers had reported preferential enhanee-

ment of heavier elements at low energies based mainly on the
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arged particle track studies in rocket-borne detectors (e.g.

rice et al., 1971; Mogro-Campevoand Simpson, 1972). There-

ore, Leich et al. looked for eny enhancements in ratios of

‘36A

eavy to light elements such as :/4He, 3QAr/ZONe, 86Kr/36Ar

nd l32Xe/36-Ar in ilmenite grains as etching removed the
mplanted SW sequentially. Failure to observe any such sys-
’ématic trends coupled with the fact that they didn't find
QgNé/ZZNe = 10.6 as inferred by Black (1972), made them point
uéwthat their search was inconclusive. In fact, in some
céses, they fdund values closer to the solar wind wvalues.
SOlar flare-correlated phenomena such as particle tracks have
also been studied in great detail (Ial, 1972; Fleicher et al.

1975 and many others referenced thereinl but isotopic deter-

mination iS not possible by particle track techniques.

Establishing the presence and composition of SEP-Ne
Jdemands identification, resolution and estimation of this
component. Resolution of implanted SEP in lunar Soils is
generally plagued by the overwhelmingly Jominating solar
wind. Taking clue from the pioneering experiments of
iEberhardt and his co-workers (Eberhardt et al., 1965) on
Khortemiki, etching of grain-surfaces was considered to be

an appropriate approach to remove the major amount of
Surface-sited solar wind from the lunar grains. A4S the

' range of solar wind ions is % 0.1 micron, etching of 1 micron

thick surface layer should be considered sufficient to remove
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e major amount of solar wind.

In Chapter III, the SEP—energy spectrum and the esti—‘
étioné of implanted SEP-Ne in the etchel lunar soils were
ISCusséd, Estimates of implanted SF-Ne in etched lunar soil
rains studied here are given in Table IV.l for different
sdil samples. The lower limit of integration (over energy)
ié taken in correspondance with the thickness of etched layer
aﬁd thus the loss of implantel SF-gases Juring etching is
ﬁékén into account. The etching estimates are madle separately
}ér different soil samples studied here and range from 2 to 5
icrons for feldspars ("well etched") anl 7 to 11 microns
ér the pyroxene grains ("heavily etched"). However, not much
eliance should be placed on the estimates of implanted SEP-
?néonas the uncertainty associatel with the rate or flux—

measurement is very high (Hartung, 1980).

Estimation of implanted ncon in the case of gas-rich
metéorites is somewhat Jdifficult. &s the gas-rich meteorites
ére belicved to have been irraliated in the regolith of their
parent—bodies during early period of solar system-formation
(Kbthari and Rajan, 1978), they should have accumulated SF-
ﬁqble gases. &Anders (1975, 1978) estimated that meteeorites
éf this type should contain nearly three orders of magnitude
iOW‘Sr gas amounts comparcd to the lunar soils. This estimate

is based on the l/R2 dependence of the solar wind Flux (R is



Ge
" Tz66%
{TOs san3ew I9U30 a2yl JIO0F paumsse, sT UOTINQTIISTP 22Ts IRTTUTg °BYIVT TTOS
2Uu2 uow_mmwmav ‘T2 32 buty Agq UsATH BIRP WOIT UOTINCTIFISTP-22TS MET Temod =2Uu2
pUR SSOT SsSBW WoJJ 2pelwl oJe IJoi2] paydie 8yl JO ssdlddTyUl 8yl FO so3Bulis= SUL
- TohBT peyole IO sejRuTlse pue XNTF ‘umiiosds U3 Y3TM psieTOOSs® s2T3UTelIsdun

03 sMp OT JO JO2AORI ® UTYITM ATUC 302I1J0D sSB pelkail a0 URD s3UNOWR 252UTLk

c_OTX9" T _OTX0"9 €~ 00§ - 00z  xedspled 12669
5 OTXV T c-OTX0" 1 z 00§ - 00z  Iedspreg 8YITT
c_OTXE"T . g-9T¥S" T . 6 ~ 00z -~ 06 2UaXOIAF 8TV T
mloﬁxh.ﬂ wlﬂaxo»H TTn 06 - OF 2Usx0xhg 8TV T

65 ole) b DD
Tmzww.md% . mamzo% (urfy sssusioT
peATHSqO xDe30adwy peuoaT ’ AE~<V 29ZTg TRISUTK eTdweg

STVAHUNIW dv¥N0T GHHOLE NI SN-dHS (ALOoFdx® ONY CEAYESE0

T2AT  wIdvl



86»”
thé’heliocentric Jdistance) and higher cratering rates in the
egion of asteroilal belt at ‘that time. The solar flare
éfticles also nearly follow th¢ inverse square law for
rédial dependence of flux (e.g. sce Lee, 1976) so the effect
ié’alSO expected to be correspondingly lower in gas-rich
teorites. Based on the lata from stepwise heating experi-
fhéé on gas~rich meteorites, an attempt is made here to

fer the ancient SEP-neon-composSition.

. RESULTS ON LONG TERM (AVERAGE ) NOBLE GAS COMPOSITION

IN SEP

In this section , results obtained from lunar and
méteoritic Samples are presented in two parts viz. isotopic

and elemental composition.

1. Neon Isotopic Composition : The neon isotopic
compbsition in SEP has becn deluced using information from the
ffdliowing sources : (i) Etched lunar soil feldspar grains,

(11) Etched lunar soil pyroxene grains and (iii) Gas-rich
fmateorites. While the first two yield information about the
iSEP_Ne in the recent past, the gas-rich meteorites yield
 infOrmation about the SEP-Ne Jduring the early stage of the

solar system history.

The relevance of the three isotope neon diagram for

DPresentation of neon-data was describel in Chapter III. The
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nd points used are same as those discussed in Chapter IIL
digiven in Table III.1. BEven though the SW-Ne composition:
aséd on SWC (Solar Wind Composition) experiment was found to
be 20Ne/22Ne = 13.7 + 0.3 and 21Ne/22Ne = 0.0335 (Geiss et‘
al., 1972), the composition of SW-Ne observed in lunar soil
samples is 2ONe/ZZNe = 12.65, 21Ne/22Ne = 0.033 and has been
Qsed as SW-end point (Eberharlt et al., 1970; Frick et al.,

1975) in this study.

(1). Lunar Fellspar-Based Result : The stepwise-
_ heating Jata on ‘liffcrent etcheld feldspar size fractions
%f&m lunar soils 69921 (200 - 500 microns), 14148 (200 - 500
microns) and 61221 (200 - 500 microns) are presented in
Table IV.2 and the results are plotted in Fig. IV.l. The
';data of Bhai et. al. (1978) on millly etched fellspar £rom
l14148 (90 - 200 microns) are also plotted for compariSoﬁ.
The feldspar samples 69921 (200 - 500 microns), 14148 (2004—
500 microns) and 61221 (200 - 500 microns) are all well
etchel samples. It is estimated that in these cases 1 to 5
_micron thick layers of the grain surfaces are removed (see
Table IV.1). Therefore, they should be almost free from
solar winl. The residual solar wind if any, shouldl show—up
in the first (600°C) temperature fractibns during stepwise
heating mass-spectrométric analysis. If one assumes that

long term average SEP-Ne has plancetary composition theén
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FIGURE CAPTION

The implanﬁed SEP-Ne in the etched feld-
Spar grains from lunar soils. The GCR-
feldspar end point is taken from Iugmair
et al. (1976). The isotopic composition
of the SW-Ne is dependent on the retenti-
vity of the mineral also. The higher
temperature-data for 69921 andvl4l48 soils
gi&e a value of 11.73 + 0.25 on back-extra-
polation. These points do not define a
single line because of different relative
SCR- and GCR- contributions. The data for
24087 (200 -ysoo microns) are taken from

Bhai et al. (1978).
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'mé'of the Jdata points for etched fellspars shoull be close
:d the planetary Nefendvpoint and the other data points should
fall along the line joining the planetary and the spallation
nd point. As can be scen, once 600°C temperature is crossed,
é higher temperature data points tenl to fall along a lihé}
o more precisely, fall within a band which spans from an enl;
;int slightly below the solar wind to the spallation end
which is different from the end point Jlefined by GCR-spalla-
aﬁibn alone. This is termed ‘resultant spallation' end point.
:Thié resultant end point is obtaineld by extrapolation of the
data“points.towards spallation end and represents a propor-
tional mixture of GCR-spallation and SCR-spallation neon in

feldspar soil grains which will be discussed in Chapter V.

A survey of the observel data points inlicates a
systematic trend. With increase in the gas-release temperature
the isotopic ratio changes from implantel to the spallatioﬁ
,‘end point of the feldspars from soils 69921 and two size
fractions (90.~200 microns and 200 - 500 microns) of 14148,
The 600°C poinﬁbhavé higher 2ONe/22No value than other tem-

- Perature fractions. This is undlerstandable in view of the

2ONe/ZzNe value for the loosely bounl implanted com-

higher
 ponent. The 600°C temperature point of 14148 (90 - 200

microns) has a value of L 12.5 for this ratio while well
etched (200 - 500 microns) size fraction of the same soil

has a value ) 12.0. For no other soils under investiga-

tion, this ratio has value >>12.0. This suggests that the
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téhing techniques employeﬂ here efféctively remove:d the

mplanted SW-gases from these soil grains.

The behaviour of (200 - 500 microns) fraction of feld-

spars from the immature soil 61221 is interesting. This soil
' 20

S;Léss mature. The 600°C point has Ne/ZZNe = 5.94 (Téble

but the next temperature fraction shows a higher

rélease'properties of the SF-and SW-gases are considered.

The penetration depth for solar energetic particles is much
higher than for the SW-particles. w«s etching results in the
removal of SW, the first temperature fraction is mostly a
mixture of some implanteld SEP-and spallation neon. However,
ﬁhis temperature may not be enough to release most of SEP
(which are relatively deeper sited) but would have been suf-.
fiéient to release most of SW-gases. This seems to be con-
_sistent with the conclusions of Baur et al. (1972) who showed
that release-temperature for the implanted ions is proportio-
nal to the energy of injection. This qualitatively explains
gWhy one obseérves a high 2ONe/zzNe vélue in 1000°C fraction.
The 1600°C points for 61221 as also in the case of all other
Soils are always close to the spallation end point as one.
’Would expect. A similar trend is obtained for the other two
size fractions viz. (40 — 90 microns) and (90 - 200 microns)

£ this soil (Table IV.2a, 2b)



94

The other soil 69921 (200 - SOO microns) is also well-
'fched (W2 microns) though not as much as 61221. The 600°

2ONe/22Ne ~ 11.5. One can

_temperature fraction of 69921 has
notice a progressive trend towards the spallation end point

ith increasing temperature of sample-heating.

What makes the low temperature points of 14148 (90 -
iZOO microns)feldspars_interesting is the decrease in the
2ONe/zzNe value upto about 12 without any corresponding change

21Ne/22Ne value which one expects in case the 2ONe_/zzNe

in the
value is pulled down due to spallation contribution. This
' strengthenS the inference that the gas released in the low
:temperatﬁre fractions is dominated by SEP-componeént. The

 same trend can not be expected in the case of 61221 because

Jegree of irradiation in the 61221 soil iS much less (N,/N

2 0.1) compared to that in 14148 (N/N0.8).

The data points of feldspars from 14148 (200 - 500
’microns) and 69921 (200 - 500 microns) have been used for a
sStraight line fitting using the procedure by York (1966). &
:'separate line is fitted to the data from (40 - 90),(96 - 200)
and (200 — 500) micron size fractions of feldspar grains frdm‘
the soil 61221. This procedure takes error in both the ratios

into account. rThe best fit line obtaineld is

21 «
(5% = ~(15.34 + 1.18) x(55)gpp +(12.26 + 0.22)
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for 14148 and 69221 samples. For the feldspars from 61221

0il, the best fit line is given by

53 = -(14.24 £ 0.83) x(35)  + (12.05 1 0.35)

SEP ' SEP
fThese lines cut the SW-Planetary component tie line close to
”ZlNe/zzNe = 0.033 and it has been taken as the value for SEP-

2ONe/ZZNe'in SEP so deluced is 11.73 + 0.25 and

Ne ratio. The
11.58 + 0.36 for the two cases respectively. The error in-
cludes error of fitting as well as that of measurement.
Hereafter the line based on’l4l48 and 69921 will be referred
to as Feldspar-line unless noted otherwise. The reason for

21

. . : . . 2
error being large is uncertainty in the Ne/ 2Ne value for

the SEP-Neon which is taken to be + 0.007.

(2) Iunar Pyroxene Based Results : Here the

. results for various size fractions of pyroxene samples are
presented. The data are given in Table IV.3 and the ratios
i‘arg plottel in Fig. IV.2. The soil samples studiediviz.
-pyroxene'l from 14148 (40 - 90 microns{? 14148 (90 -~ 200
microns) and 24087 (40 -~ 200 microns) were héavily~etched (7
‘to 11 microns of grain surface removed) as described in
Chapter II. The data on unetched lunar soil 10084 (bulk) as
reported by Pepin et al. (1970) are also plotted for.the
purpose of comparison. In addition, earlier data reported
by Padia et al. (1977) on unetched 24087 (bulk) have been re-

analysed uSing procelures described in the Chapter III and
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of SEP—neon.
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ﬁaVe been plotted in the same. Fig. IV.2. However, the data
or bulk samplc are not incluled for fitting the straight

line.

The low temperature lata points for the unetcheil

soils 10084 and 24087 are plotted as inset in the Figure
iV.Z. The striking feature of_the low temperature points of
£hese solls is the steep fall in the 2ONe/zzNe value with
iﬁcrease in the release-~temperature without any accomp;nying
hchange in 21Ne/zzNe values as was alSo observed for feldspars.
But in unetched samples this feature is more pronouncedld than\
in the case of etched samples. This behaviour of low tem-
perature points seems to be typical of a binary mixture of
 SW and SF componénts. The values reported by Hohenberg et al.
(1970) for unetched bulk semple from lunar soil 10384, 59
also show (not plotted here to preserve clarity) a similar

2 2 ;
ONe/ 2Ne ratio continues

trend. This ‘decreasing tren:l in
towarls spallation enl point. To characterisec thg second
'éomponent we& make use of the data points of the eiched
pyroxene from 14148 (40-90 microns), 14148 (90 - 00 microns)
and 24087 (45 - 200 microns) which Jefine a very jood strai-

ght line. Singe etching has removed the SW, the jrains

contain implanted SF-gases and 5pallétion (SCR+G¢R) gases,
The behaviour ¢f the lata points is as expected from such a

mixture. The straight line fitted to the data paints is




s

NN
N®
N
J
i

-(14.06 + 0.78) x (%—) + (12.26 + 0.23)
SEP - SEP

The SF-Ne composition (ZONe/ZZNe)thuS inferred is 11.8 + 0.25
for 21Ne/22Ne = 0.033 + 0.007."
It is worth noting thet lespitc Jdifferent slopes, both

ldspars (14148 anl 69921) and pyroxenes yield similar values

f about 11.8 for the 2ONe/22Ne ratio in SEF-Ne of thevrecent-
«ést. The Fig. IV.2 also shows the ‘feldspar' line plotted
for comparison. The higher slope of the feldspar line com=
pared to that for the pyroxene-line can be understood in

terms of their chemical compositions. Fellspars are free

from magnesium anl hence have lower 21Ne/22Ne in its SCR-
inluced component. &s a consequence, the 'resultant' Spale
iation end point for fellspars has lower 21Ne/22Ne value than
pYroxene-end point. So the tie lines for the two are Jif-
ferent as Seen in the figure. The reason why the Jdata points
in the case of feldspars show a spreal, will be discussed

_1n Chapter V.

(3) Gas Rich Meteorities : The study of gas-rich
fmeteoritcstantar,,L@ightbn was carried out with the idea of
éomparing contemporary and ancient SF-Ne composition. The
Stepwise heating data for Pantar and Leighton obtained in this

work have been combined with the available Jata on two other
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Fig. IV.3

Stepwise heating Neon data in gas-rich meteorites. The
po:mts give a ‘value of about 11.7 + 0.35 on back
_.extrapolation for. 20Ne/ Ne in the SEP., Numerals beside

_data points are temperatures in hundreds of °C.
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1r2
”'és;rich meteorites ?éyétﬁeville D-1 and Kapoeta D-2 (Black,
j1972) and plottel in Fig. IV.3, Table IV.4 give the measured
isotopic ratios in Pantar andl Leighton. The inset shows low
temperature data points of these meteorites. A qualitative
5imilarity with the¢ lunar soils is exhibitel by data poipts
;bf both these meteorites in the low temperature region.

” Ho‘wever, the temperature intervals are larger for Pantar an‘d
Leighton and hence a comparison is difficult in the low
mperature region. &As cen be seen in Fig. IV.3, the trend
£ the meteorite points is different from the lunar soil
 points. These points tenl to - spallation end points

which have lower ZlNe/zéNe ~valaes than eﬁpected.

:But despite this, these data points also, when extrapolated
back, inlicate a 2ONe/ZZNe value of about 11.7 forVSEP. The
‘straight line fitted to those Jata points of Pantar, Leighton
and Fayetteville (D1.and D2) which have 2oN,_e/22Ne < 12 is

(£2)

< = ~(17.13 # 1.49) x(32) 4+ (12.25 + o.18)
SEP

SEP

In principle each meteorite should define a line if the
spallogenic gas amount in them are mixtures of SCR and GCR

 contributions in iifferent proportions. But the points show

ad somewhat constant relative amounts of "Ne from these two

components.

c. NOBLE GAS EIEMENTHL RATIOS IN SEP

én independent characterization of the residual gas

components present in the etched mineral grains can be done by
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gcomparing their -elemental ratios. Below is examined whether
’the residual gas has ‘planetary’' elemental compoSition or
not. Planetary component is characterized not only by low
2ONe/ZzNe but also by higher abundance of heavier noble,.
gases compared to solar gases also (Signer and Suess, 1963;
 §eynolds et al., 1978) as given in the Table IV.5. The
"ﬁéual way of presenting the noble gas elemental Jdata is to
plot the normalized abundance (with respect to 36Ar) against
the mass number. The Figure IV.4 shows the planetary and
éolar noble gas components plotted in this format. Since
ﬂifferent isotopes of a noble gas would be-produced by
different processes, to characterize the residual (or
trapped) gas we have chosen only those. - iSOtOpeSYWhOSE |
abunilances are less affccted by im-situ p:oduction. Therefore

4He has been chosen for He and ZoNe has been chosen to

84

represent Ne. For krypton and xenon, the isotopes Kr and

~l32Xe have been chosen.

The elemental ratios characteristic of solar wind and
planetary composition are plotted in Fig.W.4. In this
figure the elemental ratios measured for the etched feld-
"spars for the size-separates of 69921 (200 - 500 microns),
14148 (200 - 500 microns) and 24087 (45 - 200 microns) are

2ONe/3Car ratio for the ilmenites (leich et

plotted. The
al., 1975) and the for pyroxenes of Kirsten et al. (1972)

are also plotted. The value from the lirect (CPT)



vo1 : (L96T) utdeg ° T (8L6T) *T® 39 sprouksw U
(6L6T) uosduTg pue UoSTIITRa °3 (zL6T) >o°Td D
(€86T) (OB6T) " TB 23® 300D °'®
-T® 32 ApIBMON PUR (6L6T) °T® 32 APIBMOKW °D (zL6T) "T® 3@ ssta) 2
(oLeT) °Te 38 utdeg °d (OL6T) °T® 32 IPIPUISAZ ‘e
! g1 TIpUOUYD sNOsdEU
T - - 5z 0" *0Ffz g ~OqIRD WOIF PIIIaFul AxejsueTgd
g921TIPUOYD sSNOSBD
—RUOCIED JO senplsal
e - . 9TURZTPTIXO ‘3uelsTsal
U 06 o 81°0O 9°8 pTO® UT PaINsRal Kxejeuelg
SeTODaIq
pue sTTOs IJBUNT
5 . _ _ = ‘5] TIO932W YOTX
£70+9° 01 sehH woay peIiaIUL AUSG\>®Eﬁ?o&mw
g 1- soJeT3y JIBTOS (y-uosyonu
7 - 110> O.N+@.h JO sS3USWRINSEIW ASW 9Z-TT)dES
c1- m.Hr adoosoToag, ©TO0T3IBRdg (-uoeTonu
° P - [ 74 CE - A pebreup 3093T@  ASW 6V-8Z)dES
= GEEO O €°0 FLTET A uswTIadXe-OMS pUTM I2TOg
q ‘= 0009T v £6< £€0°0 9721 STTOg§ IBUNT pulm I2710g
“¥oy ox, /3% ay__/sN e/t ez/0e 20an0g JIToAZasSay
CET 9t ot oz uosN ; '

.wMHO>Mﬂmmm,m40\@Hmoz INTORIdIa NI SOLLYY OIJOLOST aNY TYILNTWTTH



. ,
SOLAR FLARE
» "CONTEMPORARY (A)

ELEMENTAL COMPOSITION OF{
SOLAR FLARE NOBLE GASES

PYROXENES | ¢ 24087 (b)

ETCHED [ @ 10084 (c)
ILMENITES | gg 10084 (d)

ETCHED [ é 14148

-

A 69921 (e)
014148 (f)
O 24087 (g)

1 | | |

20 6 84 132
Ne 3 Ar Kr Xe

MASS NUMBER

-

ETCHED
FELDSPARS

The eleméﬁtal ratios in the etched lunar grains. Their
similarity with the solar composition is evident. -Data
from Leich et al., 1975 (c,d) and Bhai et al., 1978 (g)
are plotted. A, B and C are from cook et al., 1980;
Reynolds et al., 1978 and Eberhardt et al., 1972._
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'heaSurement of SEP by Cook et al (1980) is also plotted.
For the feldspars studied in this work, this ratio ranges
from 3 to 6. The contributions of spallation do not signi-
fiCantly affect these ratios as mentioned earlier. The
132Xe/3614\r ratio measured in the etched feldspar grains
5

ranges from 8 x 107”7 to 1 x IO_L1 which agrees with the
‘soiar wind value within error limits (Eberhardt et al., 1970;
ﬁGeiSS, 1972). &ll the above observations support the conclu=
~ sion that the nohle gases we are observing after etching Hhe
surface of the lunar grains, are closer to the solar wind
élemental composition than to the planetary. This is an
important observation and consistent with the finding about

Ne~isotopic composition which has been shown to be closer to

theé solar wind than to the planetary composition.

D, 'DISCUSSION

The results of SF-Ne composition being closer to SW
than planetary neon ratioS is not in agreement with the
Charged Particle Telescope (CPT) measurements of Dietrich
~and Simpson (1979) and Mewaldt et al. (1979). The value of
20Ne/zzNe = 11.8 + 0.25 obtained here is closer to the value
,Qf about 12-6 for the SW-Ne deduced from lunar soil studies
(Eberhardt et al., 1970). The value deduced by Dietrich and
Simpson (1979) and Mewaldt et al. (1979) from the CPT-based

expeximent were about 7.7 (+ 2.3,-1.5). What was more im-

portant was the authors' suggestion that the Ne in the Sun
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15 planetary in compositionlbased on the fact that the
’cbserved value of aboﬂt 7.7 ié‘close to the planetary neon
;ﬁ&alue of 8.2 0.4 which was found in carbonaceous chon-
drites (Pepin, 1967; Black, 1972 and Reynolds et al., l1978).
: fhis suggestion has far—reaching consequences . Solar flares
are believed to represent‘tne composition nf the sun

ana this essentially means solar systemw~abundance (Camercn
'k1973) To take planefar? composition to repreSent-the solar
: compos1tion gppears inconsistent. Not only iéotopic bﬁt
"also the noble gas elemental composition in etched lunar

~_samples has been found to be similar to the solar wind.

One important feature of the SEPw-composition is the
variability in isotopic as well as elemental ratios. Mo-
 §€15 have been proposed for the SEP—écceleration to explain
:how different charged states and édﬁsequently different

~ rigidities R(R=pc/Z%* where Z* is the effective charge on the

ff ion) of particles can govern their entry into the Fermi

_acceleration zone on the Sun. Model by Korchak and
~ Syrovatski (1950), originally proposed for galactic cosmic

‘rays, can explain the preferential accelération of heavier

.elements tq differing degrees (Price et al., 1971; Cartwright
~and ~ Mogro~Campero, 1973; Crawford et al., 1975). Variations
of several orders of magnitude have been found in 3He/4He

ratio in solar flares. Fisk's mechanism (1978) based on

ook
heating of ambient 3He' in the lower carona of Sun, can
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 éx§iain'such He—isotopiciQggiatibns.ﬁﬁt Ne isotopid composi -
tiohAvariations to~-date, remain puzzle. For discussion
pﬁrpose we are conSidefing the results of Dietrich and
§impson (1979) which are essentially similar to the results
;,f Mewaldt et al. (1979) . The results of Dietrich and
Simpson (1979) are baséa on 7 flares. Two of them were in
1974, and the remaining five in 1977-78. The total number
aof 2ONe - -events considered for analysis was 112 and that
‘bﬂ 22Ne was 16. - The spallation effects did not

interfere as inferred by them on the basis of absence of
21

Ne. The resolution in these experiments is excellent and
itﬁe calibration data show no spill over of neighbouring
isotopes. But éhe 22Ne counts varied from QO to 6 in the 7
flares indicating the gegree of variaﬁility and also that
_the Qbserved differences in the isotopic composition are
‘genuine flare to flare variations. The important question,

therefore, is whether averaging of measurements from a few

flare-observations can give a value which can be called
:epresentativevof Solar composition or not. Another impor-
.tant question is whether Sun can have planetary composition.
The source of planetary componént has been brieflf discussed
in the Chapter III eventthgh no consensus exists on this
aspect of noble gases. The phases which retain the planetary
gases (Reynolds et al. 1978; Moniot, 1980) are probably fine
grained carphon (Anders: , 198l1) and they are found to relcase

gases at high temperature. But being implanted component,
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solar flare-gases are expected to be released at lower tem-—
;éétature. So it is unlikely that the planetary-component

is a result of SEP-implantation. One could try to interpret

the observed Ne-data points as a mixture of contributioﬁs»
from Planetary, solar wind and GCR but in that case one would
“eXpect the high temperature points to line up along the
"plaﬁétary—GCR tie-line which is not found (Fig. IV.1.2 and 3) .

‘The value of 20Ne/22Ne for solar system abundance adopted by

Cameron (1973) ~ was based on Cl-meteorite data (and

‘/hence, planetary) because of unavailability of SEP-observa-

{;iﬁions. But C-1 matrix composition can be taken to represent

: fhe composition of primitive solar nebula only for nonvolatile
:or less volatile elements and not for rare gasés and H,C,N,O
as they are not easily condeﬁsible (Meyer, 1978). &ll these
éonSiderations along with the variability of SEP-data suggest
that the CPT-based values, howsoever precise; can not be

taken as representative of long term value of SEP-composition.

As for the elemental composition, large variations have
been found by various workers (e.g. Dietrich and Simpson,
1979; Mason and Gloeckler, 1979). 1In these 7 flares, Fe/o
ratio was found to be varying from 0.031 to 0.22, However;
,the Fe/0 and Ne-20/Ne-22 were completely independent of each

other.
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It is important to aﬁd that the Ne/ir ratio also indi-
~te solar wind like values for the SEP (Figure IV.5). The
é/Ar values are similar in the solar wind (27.4 + 9)
reported by Geiss et al. (1970), solar system-abundance given
)by Cameron (198§) and the SW found by Marti in Gas-rich
meteorite Pesyanoe (1963.). Leich et al. found a value of
‘about 20 for the same ratio in lunar ilmenites from soil

10084 after mild (0.61 to 1.3 micron) etching. In the case

 of pyroxenes of soil 12070, Kirsten et al. (1971) obtained a

_ nearly similar 2ONe/36Ar ratio of about 10-15 in the

 pyroxene and ilmenite grains after varying etching. The

measurement of 5 (individual) lunar soil olivine crystals

by Kiko et al. (1978) gave values close to 25 (though one
value wasS as low as 9) while feldspar from lunar s0il had
H been shown to have 20Ne/36Ne value as low as 1.2 (Kirsten
et al., 1971). A somewhat similaf value of about 15 in all
the samples whether unetched, or etched to different degrees,
is probably indicative of similarity in compositions of these
‘two components. Wicler et al. (1982) have pointed out that
the 2ONe/36Ar‘ratio in retained SEP may vary from 3 to 10
 in lunar feldspars. The value of 32 (+ 27,-15) obtained
by Cook et al. (1980) from CPT-measurements aboard the
Voyager-1 and Voyager-2 spacecrafts is not inconsistent with
the solar wind value of 27.4 4+ 9 deduced from SWC-experiment
| of Geiss et al. (1972) and the ilmenite-based value of > 33

reported by Eberharhardt et al. (1970). The feldspar-based
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FIGURE CAPTION

2ONe/36Ar for

The figure shows the normalized
the SEP snd SW as deducted by‘different methodsg
Normalization is with respect te the average
value as measured by Kirsten et al. (1971) in Qﬂv
etched pyroxene. The hexagons and inverted
triangles - are from Kirsten et al. (1971). The

other values are from the following.

Planetary : Reynolds et al. (1978)

SEP (Ilmenite) ) )
Squares ? leich et aX. (1975)

Filled triangles: Kirsten et al. (1971)
SEP (CPT) : Cook et al. (1980)
SW (Feldspar) s+ Etique et al. (1980)

SW (Swe) : Geiss et al. (1972)
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value is comparatively lowl(partly dﬁe to diffusion) but

still more than an order of magnitude higher than the planetary
2ONe/36Ar ratio of 0.18 (Reynolds et al., 1978). All thesea
values for 2ONe/36Ar are summarized in Fig. IV.5 with normali-
zation to the value obtained by averaging lunar’ pyroxene
data of Kirsten et al. (1971). 1In this study no Kr-measure-
ments were made so Kr/Ar values are not available for the
k feldspars and pyroxened but the values obtained by Leich et

al. (1975) for this ratio in etched ilmenites, are plotted

132Xe/36Ar ratio measured in the

5

in the Fig. IV.4. The
etched feldspar grains (8 x 10™° to 1 x 1o~ H agrees with the
solar wind value within error limits (Eberhardt et al., 1970;
Geiss et al., 1970). The solar wind noble gases are lighter
in elemental as well as isotopic composition (Geiss et al.,
1972; Marti, 1969). It is therefore not unexpected thatvthe
SEP which resemble the SW in elemental composition should
also be isotopically lighter compared to the planetary com-
position. However, as discussed before, the variation$ in
flares are genuine. It is therefore important to examine
whethér the differences in the results by charged particle
telescope method and by those used jip this study are inhérent
~ to the techniques. Table IV.s offers a comparison between the

two techniques viz. etched lunar soil-based measurements and

the CPT-measurements. Both methods refer to measurements

at ~ 1 AU, The difference in the two techniques is that

the CPT-measurements are limited over a narrow energy range
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(11 - 50 Mev nucleon™ energy range in these two cases)
while soil Samp les aécumulate the partiéles over a wide
range of energies. The greatest advantage of using soils

is the long duration of sampling.‘ The soils were exposed

to the solar radiations typically over a few million years
thus accumulating neon which is several million times higher
than what CPT can sample over short time periods. #&s it is
only a few flares which dominate the total flux (Wébber,
1967) in a solar cycle, the CPT measurement may be atypical
of the long term composition. The flux in < 11 MeV nucleon

=1
is expected to be much higher than that in>11 MeV nucleon

range indicating that what CPT sampled did not represent the
major fraction of the éclar enérgetic particles. Thus the
major differences between the two methods 416 that the lunar
soil-and meteorite-based results represent long-term-averaged
value covering almost entire range of energy of solar énerge~
tic particles in contrast‘with the direct obscrvations which
are based on a few flares and sample these particles over é
limited energy range. Black (1983) has indeed argued for the
'energy—dependence of the neon-isotopic ratio as was noted by
him in the case of “He/He data of anglin et al. (1971) and
Webber et al. (1975). Besides this, the variétions observed
kfrom flare to flare are large and averaging of measurements

from a few flare-observations may not give representative value

of the composSition.
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Lunar soil-based results reported by Etique et al.

(1981) and Wieler et al. (1982) and those reported here are
in agreement within limits of error and represent long term
average for 2ONe/ZzNe. The value of 11.8 + 0.25 -

és given by lunar soil feldspars and lunar soil pyroxene
‘uand about 11.7 + 0.35 given by gas-rich meteorites are for
different time windows and hence it is concluded that the
time évenaged SEP-Ne-isotopic composition and SEP-noble gas
elemental composition is not planctary and is closer to the
solar wind composition. This also implies that assuming

the SEP-composition to be representative of the bulk solar

composition, the composition of the Sun is not planetary

[
and resembles the solar wind composition.
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CHAPTER V

COSMQGI;NIC EFFECTS OF THE SOLAR COSMIC RAY

PROTONS IN LUNAR SOILS

Sqlar cosmic ray bombardment of lunar and meteoritic
materials brings about in them a variety of physical and
chemicél changes. In this Chapter the results of the study
of the neon isotopic changes induced by solar protons in

lunar soils are presented.

In general, the observed noble gas-abundances in the
extra-terrestrial samples are due to a super-position of
effects accumulated over a number of short intervals as the
exposure of the lunar grains to SCR does no@'take place in a
fixed position and also their exposure is not;continuous in

time.

By resolving the isotopic excesses, the surface expo=
sure ages of the lunar soils can be estimated using the
available knowledge of SCR flux, SCR-spectrum and the speci-

fic isotope-production rates. While the radiocactive isotopes

by SCR-protons have been extensively used to study the surfaceff

exposure histories of lunar samples (Shedlovsky et al., 1970;
Herr et al., 1971; Herpers et al., 1973; Kohl et al., 1978),

the noble gases have remained, in that context,unekploited.
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The attempts to use them for the above purpose were thwarted
partly by the lack of knowledge of suitable proton-spallation-
cross-section values and partly by the fact that the SCR- k
produced noble gases constitute a relatively small fraction

of the observed noble gas inventory which is swamped by the
enormous amount of implanted solar wind particles. In'addi—
tion, the SCR-exposure ages are typically a few tens of Myr
while the GCR-induced production continues over hundreds of
million years. In other words the SCR-produced noble gaseS'
have to be deciphered against the high béckground of im-

planted SW and SEP and also in the presence of volume-cor-

related GCR-component.

Noble gases provide integrated informatién over long
time-intervals whereas the radioactive isotopis refer to tbe
recent acquisition or production depending on its decay con-
stant (or the half-life). However, the advantage of noble
gas-based methods also lies in this fact because the appli-
cation of radioactive isotopes to the exposure age determi-
nation can not be extended to much longer time scales due
to the limitation of their mean lives (2 10 Myr using 26a1 or
53Mn) . Rao et al. (1971) had indicated the presence of SCR-

. 132 . . .
induced 3 Xe in lunar fines by showing the correlation

between the SCR-tracks and the excess 132Xe. Gopalan and Rao
(1975) and Frick et al. (1975) examined the Xe-and Ne-isoto-

pic compositions respectively in lunar soils and showed that
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the SCR-induced Xe and Né were indeed responsible for their
deviation from the SW-GCR tie line. However, the uncertainty
in the production rates at that time was guite large prohif
biting a quantitative estimation of the SCR-effects. Besides,
the observed amounts especially of Ne were dominated by the
solar wind implanted component. Tn the studies by Gopalan

et al. (1977) and Bhai et al. (1978) the size-and minéral-
separates were subjected to the mass-spectrometric
analysis after mild etching. These experiments needed
improvement on several counts. The etching was not suffi-
cient to remove the SW-component; the SEP-contribution was
not known and the production rates as well as production ra-
tios were not well known. The SCR-induced Ne productioh
rates and ratios used in these studies were based on inte-
gration only upto 45 MeV energy. Considering that the flux
of protons in greater than 45 MeV range appreciably contri-
pute to the cosmogenic neon (due to SCR), use of production-
values obtained by integration upto 45 MeV production rates
was not correct. In the last few years, a nunber of low
energy proton spallation cross-section results and produc-.
tion rates for SCR-proton induced noble gases have become
available (Walton, 1974; Walton et al., 1976 a; Walton et
al., 1976 b; Hohenberg et al., 1978). 1In the present

study, the resolution procedures make use of the isotopic
ratios calculated on basis of above work. The purpose of

this chapter is to develop a technique for isolating the
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SCR-produced Ne and determining model surface exposure ages

using neon as a tool.

Ao DEPTH-AND COMPOSITION-DEPENDENCE

The cosmogenic effects are mainly due to the protoﬁs
whose abundance is nearly an order of magnitude higher than
the alpha particles. Also the threshold energies for nucle-
ar rcactrons.ahe higher for alpha particles and they have
lower range than protons in lunar and meteoritic materials.
Therefore, it can be considered that the protons alone are
responsible for the cosmogenic production of neon by SCR.
The SCR-protons are energetic enough to induce nuclear

reactions but they are attenuated fast due to their low

energies. Therefore the SCR-proton produced neon has strong
depth-dependence. The depth-dependence of the Ne-isotopic
ratios is a consequence of change in the energy spectrum of
the incident particles (Reedy and Arnold, 1972) due to
preferential energy losses by low energy particles as they
traverse through matter. The composition-dependence arises
from the fact that in high energy-proton-interections, there
is no preference shown for the production of a particular
isotope in a particular target element while in the low
energy proton interactions, excitation functions are very
different for different elenents (Frick et al., 1975:
Walton, 1974; Walton et al., 1976 a; Walton et al., 1976 b).

Fig. V.1, V.2 and V.3 are adopted from Walton (1974). For
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the sake of clarity, experimeéntal points are not plotted
and only best fit curves are shown. The differences in
excitation functions are apparent for the three target
elements Mg, Al, and Si commonly present in silicate
minerals. This behavior leads to some interesting conse-
quences. While the 21Ne/zZNe value is very high in Mg,
it tends to be very low in aluminium. In the case of
GCR-~induced neon, in contrast, all isotopes are produced
in approximately equal amounts. Considering that the 21Ne-—
production rate in Mg 18 nearly six times of that in Al and
at about 5 g cm_2, it is twice of that in aluminium , one
expects that in Mg-rich samples SCR-produced 2lNe/ZzNe ratio
will be closer to the GCR-induced neon ratio. In fact, in
the near surface region of lunar samples, SCR 21Ne/zzNgs
ratio can be somewhat higher than the GCR 21Ne/ZZNe value.
In Al the 21Ne production is very low and 2ONe—-production is
relatively high (Fig. V.2). The depth and composition-
dependence of the S5SCR, make selection of samples very
important. Besides, the neon-retéentivity in different
minerals is also dependent on their crystal-structure and
this sometimes leads to the variation in isotopic ratios
due to diffusion of neon. These considerations suggest that
tﬁe bulk samples are not suitable for such studies. There-
fore grain size fractions from mineral separates from lunar
soils were selected for this study. The etching of these

samplées greatly aided in reducing SW-interference. The
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residence time for soil grains in the top one cm being
typically of the order of 20 to 30 Myr (e.g. Arrhenius et.
al., 1971), the SCR-effects in noble gascs are expaected to

be observable in etched samples.

B. MATURITY OF THE SOIL SAMPLES

Some of the aliquot samples were analysed for charged
particle tracks in order to determine the maturity of the
samples and for some samples data from published literature

were made use of, as referred to, wherever necessary.

Mineral grains which reside close to the lunar sur-

8 cm’z) and due to

face show very high track densitigs (=10
sheep S5CR energy spectrum, show a steep fall in track-
density in going from edge to the centre (Lal and Rajan, 1969;
Pellas ¢t al., 1969). The abundance of such grains in a
soil sample is a measure of its maturity. The higher the
fracfion of irradiated grains in a sample, the higher
should be the residence time of the soil on the lunar surface.
The fraction of irradiated grains, denoted herc by NH/N' is
used asla measure of their maturity. Grains with track

8

densities exceeding 10 c:m"2 or displaying track density

gradients were considered irradiated grains (NH).

Fig. V.4 shows the value of NH/N in the various soils.

All the soils considered in this study except 61221 are
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mature and therefore are cxpected to contain appreciable
amount of 3CR-induced cémponent.' The feldspar fraction of
14148 (40-90 microns) and 14148 (90-200 microns) have 85%
and 75% irradiated grains respectively (Bhai et al., 1978).
The soil 24087 (45-200 microns) is also a mature soil
(Bhai et al., 1978) with the same size fractions having
over 90% irradiated grains. From the soil 69921, the
feldspar fraction has been studied and its three size frae-
tions show 80 to 90% irradiated grains. Thus all these
soils are mature soils. AS a test case, we have studied
feldspars from a soil 61221 which is immature by the same
criteria and it is expected that the SCR effects should be
very small in this sample. The feldspar grains from soil
61221 were analysced for tracks which showed a small fraction

(0.12) of irradiated grains.

It is important to mention here that the tracks
showing steep density-gradients are formed by the heavy
(2 >»18) solar cnergetic particles (mostly Fe-group nuclei)
during residence of grains in the top (™ 0.1 mm) of the
regolith. The SCR-proton induced componént, on the other
hand, is a result of SCR-proton-interactions (having energy
upto Ay 100 MeV) and their effective depth is close to about
a centimeter. Thus even if all grains have not accumulated
solar flare tracks it is possible that they may have been

irradiated by solar protons. But a high NH/N value suggests
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residence of grains in the near surfacc region of a longer
duration (thus fesulting.in increase in track density in a
larger fraction of grains) which in turn indicates a longer

duration for exposure to solar cosmic rays also.

The track-data along with several other parameters
(Chapter II) give us a qualitative idea whether to expect
cosmogenic effects of SCR in these samples. As pointed
above, except for the soil 61221, these soils are quite
mature and oneé expects to observe the SCR-proton produced

neon in these samples.

C. RESULTS

The results obtained here are presented in two parts

in this section. First it is shown that SCR-neon is present

in neon obseérved in etched mineral separates from lunar
soils. Next, using the SCR-Ne¢ contents, their surface-

exposure ages have been calculated using procedures described

in the Chapter III, It should b& amphasised that on absolute
scale the calculated ages may not be correct. But they can

be treated as good indicaters of maturity. Considering the
various input parameters that have to be used, these ages

at best serve as model ages. As the deviations of the expéri-
meéntal points from the trapped-GCR tie-line are seldom very
large, in the single step-analysis, the effects get smecared

out due to the dominating trapped componcnt. It is only on
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ctching and stepwise-heating analysis that the SCR component
can be clearly resolved. At low tempcratures, where the
trapped component dominates and the data points fall close
to the trapped end poiﬁts, SCR-contribution in the released
gases is expected to be small but at the higher temperatures,
relatively more of spallation (SCR + GCR) neon is released
and appreciable deviation\from the trapped-GCR gie line in

the data points begins to occur.

1. Presence of SCR-produced Neon 3 The noble
gas data for the etched (200-500 microns) size fractions of
feldspars from soil 69921, 14148 and 61221 are presented in
the Tables V.1, V.2 and V.3. The neon.data for thesc soil
samples were earlier presented in Fig. IV.l along with several
other samples. Here ncon data for these three samples only
are plotted in the Fig. V.5. The pyroxene data for two
different size fractions of soil 14148 are preseénted in

Table V.4 and V.5 and plotted in the Fig. V.6.

Deviations of the experiméntal data points from the
trapped-GCR tie-line is indicative of the presence of an
additional component viz. the presence of the SCR-
components. In Fig. V.5 and V.6 such deviations are evident.
The points representing high temperature points fall along k
the lin¢ which joins the trapped (SEP) composition to a com-

position intermediate between the GCR-composition and the
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SCR-field, depending on the relative contributions of SCR-
and GCR-spallation neoﬁ’contEntS. The composition of the
trapped componént has been taken in accordance with the SEP-
Ne values deduced in the Chapter IV viz. 20Ne/22Ne - 11.8
and 2'Ne/?%Ne = 0.033. The SCR-fields for the feldspars and
the pyroxenes have been estimated using the production rates
| given by Hohenberg ct al. (1978). The depth-markers indicate
the neon composition ensuing due to proton-irradiation
occuring at that given depth. If all the samples had fixed
spallation-end points then all the stepwise-data-points
would fall along a single tie line i.c. SEP-spallation line.
But cach soil has had its unigue exposure history and there-
fore some differences in the resultant spallation end point
can be expected depending upon the relative durations of

exposure to the SCR-and GCR-protons.

2. Exposure Ages s Having deduced the composSi-
tion of the SEP-Ne which dominates the neon in mature samples
after removal of SW by etching techniques, estimation of
the SCR-proton produced Ne becomes possible. The SCR-and
GCR-proton-produced neon-amounts have been calculated using
the SEP-Ne composition deduced in chapter IV and the ana-
lytical procedures discussed in chabter ITI. The relevant
production rates and end points used in this analysis have
also been discussed in the chapter III. The surface exposure

ages of soils deduced by SCR-Ne method represent the inte-




137
grated residence time in ﬁhe top one centimetre of the lunar
/ 'regolith and these ages are only model ages. &s the amount
of SCR~-proton produced neon is very small below one centi-
metre most of the observed SCR-neéon is a result of accumula-
ted production during the residence of these g:a;ns in the
top one centimetre of the lunar regolith. The GQR-&xposure
age, in contrast, refers to the integrated residence time in
N1 metre of the regolith and therefore is 8X965t¢d to be,

in general, higher than the SCR-age.

The SCR-and GCR-exposSure ages calculatéd for the soils
69921 (200-500 microns), 14148 (200-500 microns) and 61221
(éOU—SOO microns) using the feldspar fractions are given in
Table V.6. For these three samples the SCR ages are 22l
Myr, 145 +50 Myr and 4.2 + 1.5 Myr respectively. The GCR
exposure age for these soils are 213 +23° Myr 260 + 30 Myr
and D25 4+ 50 Myr respcectively using a GCR proéuctiOn rate of
1 0.09 ce STP g™F Myr™t. In the case of 69921, a limit is
provided because the first temperature fraction (600°C) was
suspected to be containing some SW and heéence was not included
for the three tomponent analysis to find the SCR-exposure

age.

Pyroxene samples were well etched (chapter II) and
conseguently all the experimental points e within the
triangle defintd by SEP, SCR and GCR compositions indicating

rather complete removal of SW-neon. As pyroxene grains are
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believed to be more retentive in the case of neon, results
for these samples are considered to be more definitive com-

 pared to feldspars.

The data for etched pyroxene size-separates are giVeﬁ
in Tablé V.4 and V.5 and.the exposure ages are given in
Table V.6. Using an SCR~production rate of 0.098 x 1078 cc
STP g~"1 and amounts given in Table V.6 the SCR-ages for
40-90 and 90~200 microns fractions of 14148 pyroxene are.
165 + 60 Myr and 127 + 45 Myr, very close to the value of
’145' 50 Myr deduced from feldspars from the same soil 14148.

Congidering GCR-21Ne amounts in these two samples i.e. (40.6
+ 8) x 1078 cc srP g”l and (34.8 + 6) x 10™° cc STP gﬂl'the'
exposure ages for these two pyroxene fractions are 260 + 30
Myr and 222 + 25 Myr using a production rate of 0,156 x 10—8

_ _cc STP g"l Myrnl.

The errors in the GCR-exposure ages are mainly due to
the uncertainties in partitioning of Ne~mixtures and the
‘errors in the mass-spectrometric measurements.}The errors in
the'SCR~ages have similar problems and additionally they
suffer from the uncertainties in production rate which have

been determined by combining depth~profile of production

rate with the knowledge of residence time at different

depths (see Chapter III).




"y ' DISCUSSION “ : 148

The discussion is based on observed deviations of the
experimental points from the trapped (SW/SEP)-GCR tie line
and on the resulting isotopic excesses given in Table V.6.
These deviations can not be explained in terms of any com-
ponents other than SCR. The contributions from Ne-E, atmos-
pheric or planctary component to the lunar samples are too
small (if any) to ¢xplain the obscrved trend. The amount
of neon produced by SCR is normally a small fraction of the
total neon in the lunar sample but the contribution shows up
clearly on etchiﬁg and stepwisc-heating analysis. The
presence of SCR-produced neon is consisteént with the other
observed features of solar cosmic rays such as particle-
tracks and cosmogenic radionuclides. Also we attempt to
trace whether these isotopic excesses could be qualitati-
vely correlated with the degrce of solar flare-irradiation
as evidenced by other indepondent c;iterion such as SF-

tracks.

Along with the results of mature soils, those for
the immature soil 61221 have also been prescnted. The im—
mature nature of this soil makes it suitable to bring out
the contrast in the behaviour of two kinds of samples :
those exposed to the SCR for an appreciable duration (mature
soils) and the others either not exposed to the S5CR at all

or exposed for a very short duration (immature soils). The
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difference in the behé&iour of the immature soil 61221 and
the mature soils such as 69921 or 14148 is evident at the
outset as seen in the FIGe. V.3. In the case of 61221, it is
important to note that all the temperature points for all
three etched size fractions follow the same trend without
showing any sSignificant deviation from the SEP-GCR line.
However, while one should expect to see, in general, such
deviations in mature soils, occasionally it is possible to
have samples considered 'mature'’ but not showing SCR-Ne
componént in some caseés. The reason may be that different
maturity indices do not refer exactly to the same situation
on the lunar surface. For instance a soil sample with
surféce exposure in the recent few Myr can have saturated
radicactivity for short lived radionuclides but if the
integrated surface exposure duration is only a couple of
Myr, the amount of SCR-component (cosmogenic) may not be

very high.

This is one possible reason why the soil 61501
studied by Btique et al. (1981) did not show significant
deviations from trapped-GCR line¢ as other soils like 69921,
14148 and 24087 (studied here) even though 61501 contains
a good fraction of track rich grains (Bhandari et al., 1972;
Wieler et al., 1982) but it is submaturc to immature as
deduced from FMR-scale (Morris, 1978) and low carbon values

(Wszolek et al., 1973). It is therefore, suggested that even
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though 61501 somple spenf enough time (a few Myr) in top 1
rmm which was sufficient for accumulation of SF-tracks, prior
to this epoch, it could have possibly been buried deeper
(}J.cm) thus accounting for the small amount of SCR-produced

Ne.

The table V.6 contains the SCR and GCR exposure ages

for the soils studied here.

The FCR-exposure age for the immature soil 61221 is
deduced to be about 4.2 + 1.5 Myr. The following comments
about the GCR age of this soil are in order. This soil
has been eerlier studied for He, Ne, and N by different
groups. Walton ¢t al. (1973) determined its GCR exposure
age to be 250 Myr based on the observed ZlNe amount of 43 x

1078 cc TP g_l in bulk sample. The GCR,2lNe determined in

this study is also similar to this : 47 x 10'8 cc STP g~I
in feldspar (200-500 microns) fraction but the deduced age
of 525 + 50 Myr is nearly a factor of two higher. The dis-
crepancy is due to the production rates used. The produc-

tion rate used by Walton et al. (1973) was 0.17 x 10‘8 cc

-1 . ) . . .
1 Myr which is rather high even after considering

STP g~
that they studied bulk sample which may contain higher-
magnésium than in pure feldspars. The soil 61221 is a plagi-
oclase rich soil and using the bulk composition given hy

Rose et al. (1973), the GCR«ZlNe production rate is estima-

ted to be 0.10 x 1078 cec STP g*l Myr“l. Use of this
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production raté¢ and the amount reported by walton et al.
(1973) vyields a GCR éxposure age for this soil as 430 Myr
considering irradiation at a depth of 20 g cm"2. The lSN—
based exposure age given by Becker and Clayton (1977) is
370 Myr for this soil and the 126Xe—based age quoted by them
is 530 Myr which is in agreement with the value deduced |
here. The conclusion of Marwin and Mosie (1980) about 61221

being an old but immature soil is confirmed here from track

and neon studies.

A detailed study is undertaken in the case of soil’

14148 using two size-fractions (40-90 microns and 90-200
microns) from its pyroxene separate and oné size-fraction
- (200-500 microns) from its feldspar separate. Considering
the maturity of the soil, it is expected that the data points
for these samples show appreciable deviations from the
trapped and GCR-mixing line. Table V.6 contains the SCR and
GCR-exposure ages for this soil after deducing the SCR~2lNe
excess and using appropriate SCR production rates. There

are two points noteworthy about the SCR-ages of these

samples . The SCR exposure ages for (40-90 microns) and
(90-200 microns) in the case of pyroxene separates are about
165 and 130 Myr respectively and in the case of feldspar
(200-500 microns) it is 145 Myr., Within the assigned errors
of about + 50 Myr they agree with each other indicating the

reliability of the decomposition procedures. But these ages
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are rather high compared to the surface exposure ages of
lunar soils deduced by other methods such as particle
tracks. The observed exposure ages can be high provided
the grains were allowed to reside at the surface for a
longer duration i.e. during a particular ¢poch of the
surface bombardment the micrometeoritic flux was less
intense compared to other time periods. #&lternatively it
could be that the proton flux was somewhat higher than the
present value of 70 p cm"2 sec—l on which the SCR produc-

tion rate used here are basced.

The surface exposure ages of the soil 14148 was
determined by quartile track density meéthod using GCR-~
particle-tracks and was found to be 20 Myr (Bhandari et al.,
1972) . Considering the difficulties associated with the
quartile track density method at high track densities
(('\JlO8 cm”z), the measured age of 20 Myr could be an under-
estimate and the exposure age of the soil can be revised
upwards to a maximum of 50 Myr (J.N.Goswami, pcrsonal commu-
nication). Also the SCR—2lNe based age has uncertainty
associnted with it which arise from several factors discus-
sed in section ¢. But in this case the lower limit for SCR
exposure age of pyroxene fractions (90-200 micron) is about
100 Myr. Thus there seems to be a descrepancy of about a
factor of two between the exposure ages determined by these

two techniques. As the SCR—ZlNe techniques developed here
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makes use of the time-dependence of depth of irradiation
(Duraud et al., 1975); it is belicved to be closer to the
real situation. It may bé&é relevant here to point out that
the ages based on quartile track density method yield con-
Sistently lower values than those based on avérage track-
density method by a factor of 2 to 5 (Fleicher ot al., 1975)
If the extent of uncertainty is that large, than the dis-
crepancy between track and noble gas based ages couid be
considered to be less significant. But if quartile track»
density based age has an upper limit of 50 Myr and SCR—ZlNe
based age has lower limit of N &0 Myr then the only way to
make the ages from the two methods compatible with each other
is to consider the possibility that the average proton flux
during the irradiation epoch of soil 14148 was nearly twice
the present accepted value of 70 protons cm“Z sec”l for SCR
flux. It may be meéntioned that some radionuclide-based
results have been reported indicating a higher SCR-proton

flux (Shukla et al., 1983).

The advantage of the SCR-neon based method lies in its
applicability to samples whose surface exposure ages range
beyond the resolvablity and saturation-limits of track and
radionuclide methods (about 10 Myr). While the track and
radionuclide methods become progressively inaccurate at
highe; exposure ages, the SCR-neon based ages improve in

accuracy with increasing surface exposure ages because
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detection of the SCR-neon Signals in the mass spectrometer

become casier. This method takes into account the variation

in the depth-history of the grains and uses the time~integra-~
ted production rate for age-estimation. Admittedly, the
histories of individual soils and di fferent grains in the
same soil differ considerably from on¢ another and the SCR-
Ne method has several difficulties to surmount. Its depen-
dance on the chyice of end points is important and fhe end
points such as for SCR-neon, depends on the cross-scction
values for the SCR-proton reactions on the target elements,
Not all cross sections are measurcd upto 200 MeV which is

the energy range over which SCR-protons are¢ effective. This
is in addition to the uncertainties in the regolith-dynamics
model. But despite the uncertainties, discussed in section

C, this procedure has potential for estimation of surface
exposure ages (residence time in the top 1 cm of the regolith)
and with improved modlels for regolith-dynamics and knowledge
of end-point compositions, it holds promise as reliable
method to study the solar proton fluxes over time scales
exceeding 10 Myr. Using lunar soils of different antiquities
(from lunar soil cores) one can use this techniques for study-
ing the solar flare proton fluxes at different stages of its

evolution during the late history of Sun.
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CHAPTER VI

BEARLY ACTIVE SUN : CLUES FROM GAS-RICH
METEOR ITES '

Our Sun like all other stars has cvolved with time,
but there is no dircct way of knowing about the intermediate
‘stages of its evolution. While the astronomical evidence for
several young stars suggest a highly active (T Tauri-like
phase Jduring their early phases of evolution, any such evi-
dence for our Sun can be obtained from the fossil records
trapped in lunar and mcteoritic grains. Lunar samples, being
free from ablation-effects Jdo provide records of solar
activity upto scéveral hunilred million years back from now
but they do not date back to the epoch representing the
early evolution of the Sun. The possibility that such
records can be¢ founl in gas-rich meteorites is what makes
the stuly of gas-rich muteqritcs interesting. In this
chapter an attempt is made to Jdecipher the records of earlyv

active Sun in the gas-rich meteorites.

A ISOTOPIC ANOMALIES AND THE EARLY IRRADIATION

During the last decalde several isotopic anomalies such
aé in 26Mg and lO7Ag were Jdiscovered (Clayton et al., 1973;
Kaiser and Wass&rburg,>1983). Hypothesis of local irradia-
tion was offerel as one of the éxplanations.This hypothesis

oxplains, though not without lifficulties, the proluction
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of pure 22Nethrough 22Na,ani of 26Mg through 26Al by proton-

: 2 -2 =1
irradiation with a flux cquivalent to 10 3 protons cm Myr

at 1 MeV., (Heyman an.d Dziczkéniec, 1976). & stuly of

heavily raliation-lamageld fine sizedl grains from Cl meteorite
Orgueil = (audouze ct al., 1976) suggestel a lower limit of
about 3 x 1018 protons crn"2 at 0.1 MeV This was besed on
observations of high lensity of tiny crystallite$ presumably
due to VH-nuclei of 0.1 MeV energy. For prolucing enough
26&1 to melt the planetary cores the minimum requirel f£luence
at an optimum energy of 40 MeV was calculated to be 4 x 1018
protons cm™? by Schramm (1971), Recently Kaiser and wWasserbyrg
(1983) also considerel proton-irraliation as a possibility to
explain their observations of Pl-correlated excess IO7hg in
Some ataxites and an octeaheldrite Grant. W®while their obscr-
vations are also consistent with Gev proton-irradiation,
they heve proferra? irralintisn by 30 MeV protons of sular
origin which dispenses with the high shielding (V1 metre)
neecded to produce sccondary neutrons. It need be pointed
out that the fluence-estimates baéed on radionuclides are
Strictly lower limits because decay mccompanies the produc -
 tion and much highcr fluence is required to produce the
?same cffect if the irradiation duraﬁion is lopg. Many such
hﬁfeatures werc suggested 1in the past to be dug to effects of
Solar particles. &An attempt is made in this thapter to
identify the cosmogenic effects of solar cosmi¢ ray protons
to which dark portions of tho gas~rich moeteorites wore

bresumably exposed in the ancicnt past.
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B. GAS-RICH MLTEORITES

The records of low eneréy solar radiations are confined
to the outer layers of the meteorites anl are normally lost' by
them wheén they fall through the atmosphere and their outer
layer gets ablatel. But some metcorites known as gas-rich
méteorites have these records prescrved which were presumably
acquired in their parent—body regoliths in the ancient past.
These meteorites are brecciated meteorites containing material
once upon a time irradiated by solar particles. These metao-
rites are characterized by the presence of the light clasts
in the dark host matrix. The darkening of thé matrix is
generally attributel. to its finer grain size. . some consi-—
der it to be result of almixing of some extraneous phase such
as carbonaceous material as orginally suggested by Muller and
Zahringer (1966bzgggbﬂnders (1967) . However, the nearly
identical chemical composition of the light and dark portions
in thesc meteorites suggest a common Source for both the
phases (Kbnig et al., 1964, Begeman and Heinzinger, 19692 but
exotic clasts were also Jdiscovered in the Jark portions

(Wilkening, 1976).

1. Regolithic Origin : These meteorites contain
enormous noble gas amounts. First ldiscovery of Pesyanoe as a
Gas-rich meteorite (Gerling and Levskii, 1956) was followed
by many more such discoveries (Zahringer and Gentner, 1960;

Konig et al., 1961; Hintenberger et al., 1962; Konig et al.
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1962; Signer and Suess, 1963; Manuel and Kuroda 1964; Manuel
1967) . ' Bventhough theése meteorites Jisplay light and dark
structures, dJdark texture of the samples Joes not ensure
enrichment of high noble gas contents in them. However, the
vice-versa is true. Siting of these gases remained obscure
until the experiments of Eberhardt et al. (1963) who showed
the excess gases to be confined to outer ~ 0.1 micron of the
grains by e¢tching away the grain-skins and measuring the
residual gases. Suggestion of Suess et al. (1964) for solar
wind origin of these gaseés received confirmation when lunar
samples arrived in 1969. But before lunar.samples arrived,
Lal anl Rajan (1969) and Pellas et al. (1969), based on their
observation of high track density and track gradient.in
crystals from these meteorites had proposed that these
grains had been exposel to solar flare particles in the past.
Detailed studies and comparison with lunar Soil revealed
assymetric irradiation pattern and it was this similarity
with the lunar soils which led Wilkening (1971), Rajan (1974)
and McDougall et al. (1974) to conclude regolithic origin

for these meteorites.

2. Gas-rich Matcorites and Lunar Soil Detailed
account of the interesting Jdebate over origin of the various
features of the gas-rich mateorites was given by Suess et al.
(1964), Wilkening (1971), McDougall et al. (1974). Here,

only those characteristics of the gas-rich meteorites are



151

outiined which bring out their cbmparative features with
lunar soils. anl brecciéso Several lunar brecciés show thé
1ight and dark structure similar to that in the gas-rich
meteorites. . The Ilark portions of lunar anl meteoritic
breccias'anl the lunar soils contain fegolith—éompon@nts
i.e. mineral grains showing SF—irrédiation features such as
| high track ‘densities but the percentage of such grains is
smaller in meteorites éomparei to lunar soils (Crozaz and
Dust, 1977; Goswami ¢t al., 1976). Trapped noble gas coﬁ—
tent of these meteorites have also been foundl to be lower
corresponlingly (ésnders, 1975). As the cratering flux for
meteorite-parent bo.lies sevéral Gyr ago is expected to have
been higher than for the moon in the recent past and the
lower gravity causes major portion of the impacﬁ ejecta
to escape ffom the meteorite pérent body, the mean reéidence
time of the material on the regoliths is lower. &ll theée
factors combined together indicate a less mature regolith‘on
gas~rich meéteorite~parent-bodies which is also evidenced by
the absence of amorphous layers on silicate grains from
meteorites in contrast with these in lunat soils (Bibring

et al., 1974). Further, cgglutinates are absent in gas-rich
méteorites (Kerridge and Kieffer, 1977; Rajan et al., 1974).
Due to larger distance from the Sun, the flux of solar wind
is also leer by an order of magnitude at the asteroidal
belt following inverse square law-depen lence (Parker, 1963).
Similérly the SCR flux is also expected to be lower at the

¢
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location of meteorite-parent-bodies i.e. asteroidal belt.
Based on emperical réasoning, Adnlers (1975, 1978) estimated
three ordersof magnitude lbwer noble gas concentration in the
gas-rich meteorites comparel to lunar soils which is in

agreement with the observations.

3. Epoch of Irradiation : Despite the difficul-
ties listed above, gas-rich m&teorites.score over the lunar-
samples in one respect : the antiquity. These metecorites
have presumably witnessed early activity of our Sun which
lunar samples have not or if they have, they have lost the
records of ancient irraliation i.e¢. of about 4.6 Gyr ago.
Meteorites formed nearly 4.6 Gyr ago and it is likely that
they acquired their regolith-features at that time. How-
ever, it is difficult to establish that the irradiation of
the meteorites took place about 4.6 Gyf ago. Poupeau et al,
(1974) inferred from the possible high cratering rate history
(manifested in low track-lensity, low gasS-concentration ctc.)
of these meteorites that the irraldiation was ancient and
at a time when cratering flux was higher. Price et al.
(1975), on the other hand, opinad that the ilea of ancient
irradiation is more an assumption rather than a proven fact.
Brecciation is an ongoing process in the solar system as
eévidenced by 1.2 Gyr old xenolith in St. Mesmin (Schultz
and Signer, 1977) but many xenoliths o Jdate back to about

24 e . ‘
4.6 Gyr. Based on 4Pu~f18$1on~tracks in whitlockite grains
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from gas-rich meteorites Fayetteville, Weston andl St.Mesmin,
Kothari and Rajan (1982) datel the last track erasing event
to have occurel about 4.5 Gyr ago. Considering thée low track
reteéntion charasteristics of whitlockite grains and near
absence of any track-resaetting features in them (

(‘,‘Jbi Stoyaﬁ’\——" ’
Pellas; 1981) suggest the possibility that the regolith ex—
posure was old. LEvilence showing long association of ad jas -~
cent crystals (McDougall et al. , 1974) as was found with
244

Pu~tracks in the case of carbonaceous chondrites may hold

clue to this long stanling problem.

c. STUDY OF ANCIENT SCR-ENERGY 3PECTRUM

The qualitative similarities of gas-rich meteorites
with lunar soils and lunar breceias suggest that the SCR-
signatures well stulied in lunar samples can be scarched for
in meteorites. attempts were male in the past to deduce the
ahcient SCR spectrum using particle tracks (Rajan, 1974).‘
However, as minor dust coating can always flatten the track
profile in a given sample, flatter (harder) spectral shapes,
whenever found, were Jlismissel as artifacts. The approach
adopted was to take the steepest observed Spectrum as the
correct spectrum of solar flare Fe-nuclei. Rajan (1974) com-
pared the spectra Jdeducced from sceveral gas-rich meteorites
with those from lunar rock crystals from Jlocumented samples,
It was found that Kapoeta, Breitcheid, lunar soil grains, a

grain from a breccia, surveyor camera glass and a vug from
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- the lunar rock 15499 showeld nearly similar spectral shapes.

" Scme suggestion of steeper encrgy spectrum was found in the
case of Fayetteville. However, it was concludel by Rajan
(1974) that SCR-spectrum in the last 4 Gyr or so has remained

unchanged.

Two points may be notaéld about these observations. One

is that the track measurements were confined to outer 100

microns or less of me¢teoritic grains and the other is that
normally flattening is observel at the low energy end of
the spectrum. This flattening at 3 AU may be genuine
because, as Lee (1976) pointel out, the low energy (< 15
MeV/nucleon) SEP-flux falls as R™3 rather than R™% where R
is the heliocentric distance. The track-stulies refer to
the solar flare nuclei of cnergy upto about 10 MeV nucleon”
(lo® micron range corresponds to about 10 MeV nucleon_l in
silicate material) while the experiments reported in this
chapter are aimed at Jdeciphering the records of the solar
flare proton componént (2 10 MeV) which can induce nuclear

reactions,

D. RESULTS

Results of the stepwise heating data on two gas-rich
chondrites Pantar (H-5) anl Leighton (H-5) are presented in
Table VI.1 and VI.Z2.

i The neon lata for these two meteorités are plotted
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NEON IN GAS—-RICH METEORITE PANTAR

Temp s 20/22 21/22 22%
Pantar-Dark

= 500 12.65 0.0459 1.388
+ 0.15 0 .0007 0.040
600 11.38 0.0529 3.106
+ 0.1l5 0 .0006 0.060
800 10.96 0.0567 5.680
+ 0.11 0.0006 0.110
1000 10.73 0.0670 4.405
+ 0.10 0.0007 0.088
1200 9.8 0.1l110 2.856
+ 0.10 0.0010 0 .050
1600 8.38 0.2173 1.091
+ 0.12 0.0030 0.035
SUM 10.78 0.0752 18.5269

+ 0.15 0.001 0.17

Pantar-Light

600 1.099 0.831 0.224
+ 0.001 0.008 0 .006
1000 L0952 0.907 0.450

+ 0. 15 0.012 0.009
1600 Ll .6607 0.831 0.408
+ 0.020 0.012 0.010
SUM 1.167 0.8636 1.082

0.253 0.180 0.015

I+
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Fig. VvI.l
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FIGURE CAPTION

The stepwise heating data points in the,gas—
rich meteorites show a trend similar to that
shown by lunar soils. However, the deviation
from the SEP (or SW) -~ GCR tie line is more

for the meteorites. The SCR- field shown is
for the pyroxenes under present lunar conditioms,
The inset shows the low temperature points for
these meteorites in déetail. The data for
Fayetteville D-1ave taken from Black (1972 a).
Other available data sets for Fayetteville
(Black,1972 a; Manuel, 1967) are not plotted

here but they also show similar deviation.

!
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in Fig. VI.l1 along with data on Fayetteville D-1 (Black,
1972) . The Ne-lata for pantar light is prescented in

Table VI.%.

1. The Neon Data : The similarity between the
trend of lata points of gas-rich meteorites and that of lunar
soils is evident. The data points show a :leviation from the
tie~-line between SW and GCR and more precisely that joining
SEP to GCR. Because of etching, the lunar soil data-points
fell somewhat below the SW-end point. But in the case of

meteorites they foll close to the solar wind-end point.

ZON

22 . . .
Thereafter the e/""Ne ratios Jdecrease as shown in the

21 2
Fig. VI.1, but the change in the Ne/ 2Ne ratio is very

small until temperature of about 800-1000°C is reachel. It

is at these temperatures anl above that the spallation com-—
poneénts start showing up. However, the GCR-exposure dura-
tion of the lunar soils béing much longer, their high
temperature points could move much closer to the GCR-end
points in the three isotope neon Jdiagram. Pantar was
analysed in six temperature steps. The 500°C temperature

. Jdatum point falls close to the SW-enl point as ex-

pected. The following points show lower 20Ne/22Ne ratio

. 21 2 N . .
and higher Ne/ 2Ne indicating progressive release of the

spallation componént. However, upto lOOOOC, the Jdata
points are still close to the SW-SEP tie-line and only at
high temperature they show a clear cvilence for the

o
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spallation componént. The Ne-composition in the Pantar-
light sample is in complete contrast with all the three
tempcrature data points falling near the GCR-end point

(Fig. vI.l).

Leighton was analysed in four temperature-steps. The
2 22
first temperature fraction shows a lower ONe/ Ne value
than Pantar though the trend shown by Leighton (lark) points

20

is similar to that shown by Pantar (lark). The Total “~Ne/

22Ne value fur these two meteorites are 10.78 and 10.82

respectively.

In view of the variability of the trappel gas-con-
tents in Jdifferent samples of gas rich meteorites, comparison
of gas amounts with literature values is lifficult. However,

2 - ~1
the 2Ne amount of 1.08 x 10 8 cc STP g measured in Pantar

(Light) is in agreement with that of 1.04 x 10‘8 cec STP g*l
in Pantar (Light) analysed by Hintenberger et al. (1962) and
Hintenberger et al. (1964). The Pantar (Light) data is also
plotted in Fig. VI.1 for comparison and all the points fall

close to the GCR-end point, showing that it is almost pure

GCR-spallation neon.

2. Neon Isotopic Excesses : The deviation of
the data points from the SW/SCR tie line or SF-GCR line is a

noteworthy feature in this study which indicates isotopic
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excesses. It is to be expected that a third componeént is
responsible for this shift. The possibility of the carbo-
naceous naterial being responsible for the shift can be
ruled out based on several arguments. Muller and Zahringer
(1966) were the first to SuggeSt'the‘pOSSibility of a carbo~
naceous carrier phase to explain the high abundance of the
noble gases in the dark portions of gas-rich metcorites.
However, subéequent experiments showed that the source of
the excaess noble gases was not any carbonaccous carrier but
solar wind (Eperhardt et al., 1965). Wilkening (1976)
suggested that about mm sizel carbonaceous chondrite material
could be present in the Jdark portion of gas-rich meteorites.
This idea was put forwarl to explain the excess volatile
elements in these phases. However, this suggestion was
examined by Bart and Lipshutz (1981) who concluded that the
eXcess VOlatilel—abundance did not correspond to Cl or C2
composition. &4ccording to McSween et al. (1980, 1981) and
Dreibus and Wanke (1980), these excesscs volatile clements are
a result of mobility in the parent-body-interior rather V
than any extrancous component. If the dark portions are
nearly free from carbonaceous chondrite-meterial, the
presence of planctary gas component in the Jdark part will be
negligible. Moniot (1980) has indeed shown that the plane-
tary gases are present in the orldinary meteorites only in

insigni ficant amounts.
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3. Decomposition into'Various'Componcnts Constituting
the Mixtures : With the result of chapter V
before us, as earlier Jdiscussed, we know of one such component
which can lead to the production of observed deviations in the
experimental points. The presence of SW-gases and abundance
of track-rich grains (Lal anl Rajan, 1969; Pellas et al.,
1969) suggest that the dark portions of gas-rich meteorites
were subjectel to SCR-irraldiation in the anciént past.
Below, this proposal of SCR~irradiation is examined consider-
ing two cases. In one we consiler that the neon observel in
the dark portions of the gas-rich metcorites is a mixture of
SW, SEP (or SF), GCR-spallation anl ancient SCR-spallation.
In the other we consiler incorporation of a component which
is highly enrichel in 22Ne comparel to ZONe or 21Ne, The
prbcedures discussed in Chapter III have been used to resolve

the observel amounts into Jdifferent components.

The end points for 3W, and GCR are chosen as
Jdescribeld in Chapter IITI antl for SEP as discussed in

Chapter IV,

(1) SCR-proton Irradiation : The isotopic sig— 

natures of the SCR-protons are Jdistinct from those due to
the GCR. The 1iffercnce arises :lue to their different
energy spectra. It follows that the Jdifference in the
proton spectra of SCR- can result in proluction of a Jdif-

ferent neon isotopic composition. To explain the Jdeviation
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of the meteorite lata points, what is neelel is a component

with low 21NG/ZZNG—-ratio. The SCR-protons with contemporary

21

spectrum proiuce a Ne/22Ne ratio of about 0.6 in pyroxene

(Chapter III, V). But with this ratio the meteorite Jdata

points cannot be explained anl a lifferent spectrum is needed.
Considering the narrow range of 21Ne/22Ne ratios one is
allowed, the limits on the energy range of the protons seem
to be stringent. 4s is clear from Fig. 1 of Chapter V, in

Mg the lowest possible 21Ne/zzNe ratio occurs at nearly 30-40
MeV energy. &t both lower and higher energieé, this ratio
becomes larger. These excitation functions for Ne-produc-
tion by low energy protons have been reportel by Walton et.
al. (1976 a, b) as Jdiscusscl earlier in Chapter V. It is
therefore concludeld that the energy spectrum of the solar
protons responsible for the proluction of Ne with low 21Ne/
22Ne is a pulse-shapel spectrum peaking érounl 35 MeV with
the low energy protons sufficiently suppressed, rather than
the usual power law. Alternatively the spectrum can be steep
with a lower cut off at about 30 MeV. Since flux is con-
sidered to fall steeply with cénergy, the high encrgy part of
the Spectrﬁm Jdoes not contribute significantly to the total
naon production ds the proton flux in.the high energy region
is low. it is interesting to note that a hérder energy
spectrum may not be appropriate due to higher 21Ne/22Ne which
would result at low energies. #ith these consilerations in

. 21 ) .
mind, the Ne amount Jdue to Jifferent components have been
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Caléulated anl presenﬁcd_im the table VI.4. The table in-
cludes SCR and GCR produced 2;Ne unJler 2 entries a4 and B. |
The values under entry 'a' refer to ZlNe amounts resolvedd
using the combination of 2ONe/ZzNe = 1.0 and 21Ne/ZZNO =
0.2, Thevvalues under B are those resolved using 1.0 and
0.25 combination. The GCR and SEP+«values uscld are those
given in Chapter III and Chapter IV respectively. In aldi-
tion to Pantar and Leighton, Fayetleville D-1 data (Black,
1972) has also becn considereld for analysing because it is
a WGll known gas-rich meteorite. &s better GCR-proluction
rates have become available recently (Nishiijumi et al.,
1981), the GCR exposure ages given are the re-calculated
ones. The GCR exposure ages found in this study using dark
portions of Pantar, Leighton and Fayetteville are about 2,
4 andl 20 Myr as against the value of 3, 6 anl 30 Myr based
on measuréments on the light part (Schultz and Kruse, 197%}
Hintenberger et al., 1962; Signer and Suess, 1963; Manuel
and Kuroda, 1964). One notices that the GCR-exposure ages
deduced in these model calculations are lower than the values
based on the analysis of the light portions of the same
meteorites. This may partly be due to compoundling of errors
in choosing different end points or may be& genuine. For
instance Weston is known to have hal complex exposure history
with different exposure ages for (different parts (Schultz'et;

al., 1972). .
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(2) Incorporation of the Pure 2°Ne Phase : Tha

observed trend of neon-isotopic structure in these meteo-
rites neeld lowering of the 21Ne/22Ne ratio. It was shown
above that this is possible by consilering SCR-irradliation.
However another possibility for explaining the Ne-trend has
bgen considercel viz. adlition of a pure ZzNe phase to the
dark portion of these mceteorites. In fact, this also leads
to deviation of the points from SW (or SF)-GCR tie linc.
While considering admixture of pure 22Ne phase or incorpora-
tion/production of pure 22Ne, SW and GCR are two end points
and pure 22Ne is tht thirl end point. In this case all the
data points are consilerel (unlike the previous case where
only data points below SEP-composition were consilered for
the three component analysis,) The GCR ages deluced in this
manner (given in column B of Table VI.4) are in agreement with
the values delucel from the 21No concentration in the light
parts or Jdelucel from the inferred cosmogenic 2lNe in rela-
tively gas-poor pafts (Manuel anl Kuroda, 1964; Schultz and
Kruse, 1978). Since the 22Ne amounts ncedel to explain the

8

deviations in Jdata points are small (€1 x 10°° cc STP g"l)

v

dletection of nearly pure 22Ne is Jdifficult. At present it

is difficult to explain how the pure 2°Ne could have been

incorporatel in the Jark portion of the meteorite. It is

possible that the light portions of the gas-rich meteorites

received alditional GCR-exposure on the parent body and the
22

agreemeént of the ages Jeduced with pure Ne as a component

is fortuitous.
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4, Flux Requirement : The acceptance of SCR-ir=

radiation-scenario for}explainiﬁg the isotupic excesscs
seen in the gas-rich meteorites nceds two conlitions to be
fulfilled. One is conlitions on the ancient Sun and of the
interplanetary melium which result in high abundance of about
35 MeV proton flux or a very steegp energy spectrum with a low
energy cut off around 35 MeV. The sccond is availability of

very high proton fluxes.

1
From Table VI.4, we can sec that the 2 Ne recuired to
8

be prolucel by 30-40 MeV proton beam is about 0.2 to 1 x 1o~
ce STP g“l sample. Using a cross section of 25 mb at this
energy (Walton, 1974) anl irradiation of~ 200 micron-grains,
the proton fluence at 3 AU is calculated to be 0.8 to 4 x
1017 protons cm~2. If we consiler that 200 micron . grains

;L_L _

spenld nearly 10 105 Yrs (Duraul et al., 1975; Shoemaker et.

al., 1970) at the surface, then flux turns out to be nearly
lO4 protons cm-zséé. But this flux estimates hold good at a
distance of about 3 AU, Considering the inverse square law

radial dependence of flux, the flux at 1 AU should be lO5

protons cm sec . Besides this, average residence time on

meteorite parent body is expectel to be lower so that this

flux is the lower limit. However, the solar proton flux in
the recent past has been estimated to be 70 protons cmﬁzsec*l
(Reedy and Arnold, 1972; Kohl et al., 1978; Rao and Venkatesan,

1980) with a power law Spectrum. This inlicates about three
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orlers of magnitule higher average proton flwe during the
epoch of irraliation of the gas-rich meteorites i.c. about

4.6 GYyr ago.

E. DISCUSSION

The liscussion is bassl on two main conclusions

reachel in section D,

(1) The lark portions of gas-rich meteorites contain
material irraliatel by solar flare protons with an
energy spectrum which peaks at about 30-40 MoV

energy.

(1i) During the irradiation epoch of the gas rich meteo-

rite, the solar flare proton flux was nearly three

orlers of magnitule higher than the contemporary

flux.
1. Generation of the Pulse-shapcel Spectrum : &

qualitative attempt is made here to understend the possibili-
ties of generation of 30 to 40 MeV energy protons in solar
flares in the ancient past. #4cceleration of particles Jdue

to collisions with the moving magnetic field configurations
(magnetic mirrors) results in a power law enelgy spectrum

(Fermi, 1949) but all the spectral festures of solar flare

particles can not be accountel for by this mechanism alone.

The basic physical process responsible for the accelecation
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of the solar flare particles to high energices is mostly due
to anhilation of the magnetic field lines in the flare
region as proposel by Petscheck (1964) and Sonnerup (1970)
anl others which results in a rapid conversion of magnetic

enerqgy into kinetic energy.

A set of processes combinej together can yiéld the
desirédjspectral shape i.e. flux peaking‘at ~n 35 MeV., As
the maghetic-field lines tend to forge the chargéd particles
to follow'thém, a minimum engrgy islréquirei for the charged
particies’forxcrossing the given magnetic field lines.
PriceAet.al; (1971) ani Cartwfight and Mogro-Campero (1973)
have suggested that injection of particles into the accele-
ration zone of sélar flares on the Sun is rigidity (or
equivalently energy) dependent. After the entry,the protons
gain energy and remain confinel to the acceleration region
untill the surrounding magnetic pressure is unable to hold
them (Dorman anil Miroschnichenko, 1976), Magnetichfields in
the sun-spots can be several thousand gauss anid above the
chromosphere also they can be of the orler of a few hunired
gauss (e.g. Eiliot, 1973; évestka, i976). But in the early
stages of the evolution of the Sun, these fielJS.COuld be
still higher (Fowler, Greenstein and Hoyle, 1962). In the
young stars, magnetic fields indeeld have been foﬁnd to be.
much higher (Skunamich, 1972). Thus for the young Sun,-the

@scape of particles from the acceleration zone woull also
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be more difficult for a given encrgy. Bryant et al. (1965)
anl Simnett (1971) drew attention to several observations of
Contempofary solar flares suggesting trapping of the clec-
‘trons anl protons on Sun. Simnett (1971) has citod examp les
of flares which were accompanied by emission of ¢lectro-
magnetic raliations such as X-rays anld ultravioleX rays

but no particle enhancements were observel at earth. In
these cases the propagation coulld not be responsiblé for the
absence of particles because of favourable location of the
flare on solar surface i.e. on the western limb. Barlier
McDonald and Désai (1971) nhal also suggestel the possibility
of storage of protons (~ 10 MeV) to explain their observa-
tion that particle flux increases in the late stages of the
flares. Meerson anl Rougacheviskii (1983) discussea ;n5tau
bility-in Cyclotron wave in the corona and inferrel that it
is possible to trap protons of about 10 MeV for several
days. However, storage alone can only delay the release of
low energy protons and yield a Steeper spectrum in the late
phase of the flare. Our observation on gas-rich meteorités
neead cgmplete Oor nearly complete suppression of €30 MeV
protons and not just lelayed rclease. If the protons are
stored in the coronal fields, they will unlergo coulumbic
energy losses. &s a result, as pointed out by Krimigis
(1973), the low energy flux would be degraled and it may

even lead to a peak shapel energy spectrum at the low
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energy-enid. This was in fact the criterion applie:l by
Krimigis (1973) to test'the Storage hypothesis for solar
particles. Such legradation, however, hal been observed
only at very low energy of 0.3 MeV (Krimigis and Verzariu,
1971) and therefore one may infeér that such storage is not
operative on contemporary Sun. Newkirk (1973) guave estimates
of columbic encrgy losses Jduring such storage anl inferred
that such sturagexon the Sun is not possible unless one
invokes con:litions favourable to low columbic losses because
otherwise 10 MeV protons coull not survive the storage time
of a few days. However, in the case of carly Sun one can

use similar consilderations to imply that un.Jler conditions

of high magnetic fiells on the Sun, hicher storage time
could result in loss of low energy particles yielding a
proton eénergy spectrum having a peak at about 35 MeV.
Eventhough this sugcestion looks al hoc, it Jdoes not seem to
be impossible. One scrious lifficulty it faces is maintaining
the orderel high magnetic fiellds in the coronal region to
allow trapping of protons for long periols. Considering

the high flaring rate on the ancient Sun, the efficicncy of
Coulumbic loss processes and the time interval between
successive flares (because flares can Jlisrupt the magnetic

loops) have to be high.

The other stage where generation of such Spectrum

could be ailel is the traversal through the interplanetary
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medium. Reely anl &rnold (1972) have lemonstratel the
effect of proton—travérsal through material on their
spectrum. The more is the amount of matter traversed, the
more is the resulting spectrum close to the desired pulse

shape.

The effact of these two processes may lead to a
Jdecrease in the flux but as will be shown in the next sub- [
section, the available flux may even then be sufficient.

The relative flux of high cnergy particles (~J 35 MeV) may
further increase Jdue to fact that > 15 MeV particle flux
falls as R™% as against R™3 dependence for < 15 MeV flux

(R is the heliocentric distance) as inferred by Lee (1976).
This is applicable to the conlitions of present interplane-
tary magnetic field. It may be alded here that Kaiser and
Wasserburg (1983) also suggest a high flux of 30 MeV protons
in the early solar systeéem to explain their obscervations on
excess 107Ag in iron meteorites.

2. High SCR-Flux : While it is important to
have 30-40 MeV proton flux to explain the observed neon
isotopic excess in gas-rich meteorites, this criterion is
not sufficient to account for the observed excesses. To
explain these isotopic excesscs a fluence of lOlﬁ protons
em™® (or a flux of ~ 10%-10° protons em%sec™t) s required
at 3 AU considering a residence time of A/lOS years on the

regolith of the gas-rich meteorite parent bodies.
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There are enough astronomical @Qidences available to
suggest that stars Jluring their early phase of evolution
before entering their Main Sequence should be very active.
Baseld on observation of stars in Hyadles anl Pleides steller
clusters, Skunamich (1972) showel that the Ca II line
strength (£f) falls off as inverse of root of the age of the
star (t) T e y%ﬂ%" Using Ca II lin<¢ strength as indicator
of the age of the star (and of chromospheric activity),
Feigelson (1979) relatel the soft X-ray flux, as mceasured
by instruments aboard HBEAO satellite and the age of the
stars. He argueld that if Hulson's cstimate (Hulson, 1978)
of variation in proton flux as fourth power of X-ray lumi-
nosity can be applied in general, then comparing with
younger stars in Hyales, the proton flux of the young sun
(~ 4.6 Gyr ago) shoull have been about 105 times the present
flux because stars in Hyadles show 30 times higher X-ray
luminosity. This estimate is consistent with the require-
ments Jleduced from the gas-rich meteorites. What is more
important is that this proton flux Joes not produce other
anomalies such as 26Al, 0y cte. (Aulouze et al., 1976) which
require much higher flux. &Another important observation is
by Worden et al. (198l) who leﬂuded proton fluxes of the

i —— r —
orders of 6 % 1031 sec 1 anl 6 % 1033 sec 1 for B P Tau and

T Tau which are equivalent to proton fluxes of 107—108

-2 -1 . .
protons cm sac at 1 AU. &ll these obscrvations are

consistent with the ilea that the fluxes of protons from
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the early Sun could have been very high.

The 107

&g anomaly (Kaiser anl Wasserb rg, 1983) can
be explained even by GeV proton flux due to GCR as pointed
out by them but the flux requirement is so high that it is
not consistent with the présent understanding of galactic
cosmic rays. So they suggest that low energy protons (0430

. 107, , L,
MeV) are responsible for the production of 7Ag isotopic

anomaly seen in iron meéteorites.

Results of an experiment reportel recently (Caffee et
al., 1983) arc¢ important from th¢ point of view of conclu-
sions reached in this work. The Ne-measurcment in (inldivi-
qual) irraliatel grains from the gas;rich meteorite. howardite
Kapoeta revealel cnormous ?lye concentration (2 17x1078 ce
STP of 2lNe g—l) in them. This high amount of ?INe can not
be attributel to the SW implantation basel on various other
evidences anl hence cosmogenic proluction is suggested to be
the likely mechanism. It is noteworthy that the low tempera-
ture fraction (800°C) of the sample shows SW-compoSition
(ZONe/zzNe = 12.7) anl the high temperature point (1900°C)
falls near the SCR-fiell (20/22 = 2.37, 21/22 = 0.79) estio
mated for the pyroxenes using contemporary SCR specﬁrum,
deduced for lunar éamples by Hohenberg et al. (1978) . This
result may apparently look contralictory to the results

arrived at in the casce of H-chondrites in this work where

the present SCR-ficl1l loes not secem to be consistent with
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the observations. The lifference may be attributel to the
fact that irrailiation in Kapoeta could have been relatively
recent. Kapoeta has clasts with lower formation age of
f™N3.6 Gyr (Papanastassiou et al., 1974) even though the
formation ages arc about 4.5 Gyr. But the meteorites Pantar,
Leighton anl Fayetteville so far have not shown evidences fdr
brecciation events later than 4.6 Gyr. Their formation ages

arc also about 4.6 Gyr.

4All these evidences are suggestive of higher proton
flux during the early history of the Sun. However, the
'generation of proton fluxes enriched inn 35 MeV protons is
not straight forward but the SCR-irraliation Scenario is
preferred because it is possible to eénvisage conditions of
high SCR~flux because of lot of support from the astrono-
mical observations. Production of pure 22Ne with less than
10 MeV proton flux and very loww%%ratio'was considered by
audouze et al. (1976). But conditions on the ancient sun,
seéem to be more favourable for higher cnergy protons.
These models suggest a higher proton flux from the Sun in
the epoch of irraliation of the gas-rich meteorites during
the early solar System history. However, the scenario
involving irradiation by W35 MeV protons gives lower GCR-
exposure ages for the meteorites which is a difficulty.

Nieclerer and
As(Eberhardt = - . (1977) did fina presence of nearly



177
pure —Ne in Dimmit (though in very minute amount) which is
A gas-rich meteorite, probably similar studies on other

gas-rich meteorites will h2lp in settling the issue.



CHAPTER VII

NOBLE GASES IN METEORITES
AND LUNAR ROCKS

In the course of its orbit around the Sun, earth
sweeps about lolog of material every year which includes |
bodies ranging in size from a micron to about a metre. How-
ever, only a minute fraction of it survives the atmospheric
journey to reach earth to be recovered as meteorites. Before
the arrival of lunar samples, meteorites were the only extra-

terrestrial material available.

Meteorites have always been objects of curiOSity -
scientifically and otherwise. First it was by way of their
spectra&ular arrival and associated myths and then by the
tremendous amount of information they were found to carry;
Although it is chondrites which dominate the inventory‘of
meteorites, the first meteorites to be identified as extra-
terrestrial material were irons. The evidence of slow cool-
ing rates and uniform diStribution of olivine in the palla-
site pallas and the exotic composition (pure iron with
minor amount of nickel) of Otumpa meteorite prompted Chladni
to conclude that they were of extraterrestrial origin. In
subsequent years, meteorites became subjects of extensive and
intensive investigation. While they are useful in providing

information about the solar system processes (Chapter VI),
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they continue to remain interesting in their own rite; As
discussed in the Chapter I, the GCR-exposSure age of a sample
defines the’durationgbr which it was accessible to the
galactic cosmic rays (GCR). The GCR-exposure age, therefore,
is indicative of certain event in the history of the sample.
The GCR-exposure ages of lunar rocks have been used to infer
the time of the cratering event responsible for excavating
the rocks from the interior of the regolith. The dates of
formation of the North Ray and South ray craters on moon were

determined in this manner (Behrmann et al., 1973)..

The cosmic ray exposure ages of the meteorites being
considerably lower than the age of the solar systemyindicates
that it is relatively recently that the meteorites became
accessible to the interacting protons. The range of the GCR-
protons being of the order of a metre, GCR-exposure age must
indicate an excayatia?évent which exposed the meteoriteé to
the galactic protons. A peak around 5 Myr in the exposure
age distribution of H-chondrite meteorites, ;, Similarly,
denotes the parent body fragmentation event (Zahringer,
1962) . These fragments, knocked out of the parent body
orbits, may later get captured by the earth's gravitational
field though after spending considerable ( Ny Myr) time in
space. But the noble gas records in meteorites are not the
result of the GCR-irradiation alone. They contain informa-

tion about a variety of processes (Wasson, 1974) : processes
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Which occured in the nebula, those during their collisional
and irradiation history and also during their 1life as pla-
netary body. Chondrites could have been derived from comets,
asteroids or €arth-approaching-bodies such as Apollo-aAmor
objects (Anders, 1964; Wetherill, 1971; Zimmerman and
Wetherill, 1973). The optical evidence for carbonaceous
chondrite like material on asteroids have also been found
(Chapman et al., 1975). But the fragility, volatile abun-~ |
dance and low exposure ages of carbonaceous chondrites are
features Suggesting cometary nuclei as their parent bodjes
also. Recent compositional evidence from antarctic meteorites
suggest interesting possibilities of Some of the meteorites
being lunar in origin also (Warren et al., 1983). The origin
of meteorites is, however, still an unsettled issue and con -~
tradictory evidences exist. While comets Cross the earth's
orbit, it is doubtful that they have differentiated materjial
as nucleus. Besides, gas~rich meteorites which had regolith-
history are unlikely to have origin opn' comets (Wetherili,
©1974) . anders (197g)believes most of Stony meteorites to be
from asteroidal belt s The arbonaceous chondrites are
believed to have escaped igneous metamorphism. Different
Classes of mateorites have different noble gas components in
them and these records point to their evolutionary history.
The study of isna was amed at finding planetary‘component of
noble gases in it and determining its cosmic ray exposure

age. The analysis of Allan Hill meteorite (AHﬁg 77216,18)
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a find from Antarctica, was taken up because the track study
by Goswami (1980) indicated presence of pré-compaction track
records in it. The resulﬁ;for gas-rich meteorites of H-group
were reported in Chapter VI. Here the results of noble gas
analysis of L-3 chondrite AH # 77216,18 are presented. The
- GCR-exposure ages of three lunar rocks are alSo estimated and

presented.

B, ISNA:C3-0 METEQRITE

TheFStony meteorite Isna was found in 1970 in Egypt
(Methot et al., 1975). The carbonaceous chondrites are
geénerally considered to represent the most primitive and
chemically unaltered material in the solar System even though
they do contain features indicative of hydrothermal alteration
(McSween, 1979). Isna is not a fall but observed high co
activity of 130 + 40 dpm, Suggests that its terrestrial age

is less than 15 yrs (Herpers et al., 1983).

(1) Noble Gases in Isna and GCR Exposure Age: The

Table VII.1 and VIT.2 give the light noble gas~data and Xe-
data respectively obtained by stepwise heating mass-spectro-
metric analysis. The 3He and 4He concentration in Isna have
been found to be 0.13 x 1078 cc sTP g~l and 930.4 cc STP g“l
respectively. Kirsten et al. (1980) have reported similar

values in their +total melt experiment .
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The Ne data are given in Table VII.l and plotted in
Fig. VITI.1. The total Ne isotopic ratios obtained in this

study are ZONe/ZZNe = 5.65 + 0.35 and 21Ne/22Ne = 0.325 +

0402 . All the points represcnting various temperature
fractions fall close to the tie-line joining planetary and
galactic cosmic ray (GCR) components. Kirsten et al. (1980)

reported “Ne/?%Ne = 6.969 and “*Ne/?%Ne - 0.348. The 22Ne

amount measured here is (0.136 + 0.007) x‘lo—Bcc STP g'"l

which is close to the concentration of 0.112 x lO~8 cc STP g”l
reported by Kristen et al. (1980). While measurement errofs'

in He and Ne are small, diffusion loSses of SHe and “He dur-
ing its terrestrial residence can not be rﬁled ou£° The
amounts of cosmogenic te and‘21Ne in Isna are 0.13 x 107°
cc STP g“l and 0.0442 x 10~° cc STP g"l respectively. The
correction for trapped gases yield cosSmogenic 22Ne/2]'Ne =

1.01 which is much lower than the lower limit of 1.08 given
by Cressy and Bogard (1976) for applying shielding corrections.

, 1 - - “
Using the 2 Ne production rate of 0.3 x 10 8 cc STP g 1 Myr .

(Mazor et al., 197> ) g 3ye production rate of 2 x 10™°
cc STP g—l Myr"l, the GCR exposure ages for Isna are calcula-
ted to be 0.14 + 0.06 Myr and 0.07 + 0.04 Myr. The isotopic
ratio of Ar suggests a nearly pure trapped component; Forl

want of Ca-concentration no attempt has been made here 0o

calculate 38Ar~based GCR exposure age.

The Ne based exposure ages for other C3(0) chondrites



Fig.VII.l

FIGURE CAPTION

Neon isotopic compositions:of some chondrites

and lunar rocks are shown. The numerals near
the data points denote temperatures in hundreds
of degree centigrade. The presence of the
planetary neon in Isna and that of sw-Ne in

AH 77216, 18 is evident. The lunar rock samples
are from rock-interior and necn is dominated

by the GCR produced neon. Being breccias, they'
do contain small amounts of SW - neon. The
difference between the data-points of Mg-Dbearing
79215 rock and the two Mg-free rock samples is
also seen. The GCR field has the end points of
feldspar and pyroxeres as the boundary. The
filled symboles represent sum of the individual

temperature fractions.
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Fig. VII.2  Noble gas elemental abundances in the gas-rich

1-3 meteorite AH 77216, 18. For comparison
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et él..(1978); are also plotted.
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are all greater tha® 4 Myr and Isna has the lowest GCR ex-
poéﬁre age of about 0.14 Myr in this group. The low
exposure age is further evidenced by the abscence of partiéle
tracks in Olivine and pyroxen€ grains in Isna. About 50
mineral grains from Isna were examined for tracks without

any success.

The xenon data obtained in the step wise heating runs
of Isna, are given in Table VI.2. The Xe isotopic composi-
tions of Isna is similar to that of average carbonaceous
chondrite (AVCC), The 129Xe/l32Xe ratio is 1.2 for Isna
whereas the same ratio 1is about 2.0 for Kainsaz, Felix and
Lance but the l32Xe contents are roughly same i.e. about 0.55

x 10" 8¢ STP/g for all these four chondrites.

(2) Noble Gas Elemental Composition and Classification
of Isna : Based on petrologicalvand chemical stu-
dies, Methot et al. (1975) classified Isna as a C3(0) carbona-

ceous chondrite. Here classification of Isna is attempted

based on the noble gas isotopic composition.

The 3 6Ar/13 2

Xe ratios for C2 and C3(0) chondrites are
89 and 242 respectively (Mazor et al., 1970). and for Isna,
it is 284 which agrees roughly with the C3(0) meteori tes,

20 36 .
Ne/~"Ar ratio for Isna is about 0.0053 (0.005, Kristen

The
et al., 1980) and this value could be considered to be

closer to the average value of 0.03 for C3(0) rather than
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0.3 for the C2 meteorites, The noble gas elemental abundance
battern for Isna 1.e. 2ONe : 36Ar : 132Xe pattern, seams to
be similar to that of Lance, KainsSaz and Ornans except for
Ne (Alaerts et al., 1979). It may be that some Ne has been
lost from Isna during its‘terrestrial surface residence.
But from a chemical point of view, Isna does not seem to be
a weathered meteorite, as it has most of the iron invFeO
and/or Fe(II) state (Methot et al., 1975). Probably the
low 20'Ne observed in Isna, relative to other C3(p) meteo-
rites, can be attributed to loss during metamorphism as it
bélongs to M&tamorphic stage III according to the petrologic
criteria (McSween, 1977). However, the matrix to chondrule
retio of 0.4 (McSween, 1977) and the noble gas date indicate

that Isna belongs to the group of Felix and Lancé (Stage II

metamorphism) rather than Warrenton.

B. ANTARCTIC METEORITE AH # 77216, 18

Study of nuclear track records had revealedq the
presence of pre-compaction solar flare irradiation records in
Antartic L-3 chondrite Af-77216 (Goswami, 1980). The track—
rich phases of such meteorites are also known to have accumu=
lated solar wind gases during their pre-compaction surface
€Xposure. In order to Study the irradiation history of this
meteorite, mass Spectrometric analysis for isotopic and ele-
mental composition of noble gases has been carried out,

Based on pPetrographic features and field relation, Sample
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77216 is likely to be a fragment in a multiple fall to which

samples 77215, 77217 and 77252 are associated.

The aliquot sample of this meteorite éhowed 16% of
irradiated grains where back ground track density was 4 x 106
tracks cm“z (Goswami, 1980). The Sample 77216,18 was analysed
in three different temperature-steps., The analysis has
yielded “Ne/?Ne - 10.12, 9.53 ang 7.71 at 900°C, 1200°C ang
1600°C Tespectively with aversye value of 9.8 for this sambple
(Table VII.3), Neon isotopic ratios as well as 38Ar/36Ar,
given in Table VII.3 indicate presence of an appreciable
contribution from GCR Spallation. The GCR eXposure age for
this sample is calculated to be 20 + 4 Myr using the produc-

tion rates given in Chapter III., The Ne-data are plotted

in Fig. VII.1 and the noble gas elemental ratio in Fig.viI.2.

The trend of Ne ratios on a three-isotope diagram
(Fig. VII.1) is Similar to that seen in other gas-rich
meteorites though the Ne isotopic ratios are, however,
somewhat lower due +to dilution by spallation. The confima~
tion for the solar origin of the excess gas in 77216,18
comes from the‘noble gas elemental abundance pattern shown
in Fig.VII.2%he abundance pattern (normalized to 36Ar) for
AH-77216,18 demonstrates striking Similarity with Kapoeta
(Black, 1972 a) which is a gas-rich howardite and is dis-
tinct from Planetary pattern. The 132Xe/36Ar point for AH

77216,18 has, however, more error as the first temperature
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fraction (600°) of Xe was lost. The assigned error of 30%
i$ based on comparison with the release pattern of other

gas-rich meteorites (Chapter VI).

Based on the presence of solar flare tracks and nobl€
gas elemental pattern similar to solar wind and other gas-
rich metcorites, AH-77216 can be placed in the class Qf-gas-
rich meteorites. This meteorite is a valuable addiﬁion to
the inventory of the gas-rich L chondrites of which very

few are known at present.

C. GCR-EXPOSURE AGES OF LUNAR ROCKS

Interior samples of three lunar anorthositic breéccias
61016, 64435 and 79215 ‘have been analysed for noble gases
and results are reported. Table VII.5 shows the Ne and Ar
composition of these three rocks. Being deep samples, Ne in
these sample. should have becn purely cosmogenic but because
of being beccias they may contain small amounts of trapped
SW gases also. Corrections for trapped gases have been made
wherever necessary, treating the observed Ne and Ar as binary
mixtures. The resolved cosmogenic gas amounts; the produc-
tion rates used here and the estimated GCR~exposure ages are

given in the Table VII.6.

The SW corrected 2lNe in rock 61016 is 0.3% x 10-"8

-1 o
cc STP g 7, Using a composition corrected production rate

8 1

of 0.077 x 107~ cc STP g'~l Myr =, the GCR exposure age for
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this rock is estimated to be 4.5 + 0.6 Myr using production
rates for 5 g cm™? dep£h (Hohenberg et al., 1978). The cos-
mogeénic 38Ar in this sample is 0.216 x 10~° cc STP g_l and
use of a production rate of 0.117 x lO'~8 cc STP g—l gives

eXposure age of 1.85% + 0.3 Myr. This error in exposure age

does not include error due to composSitional uncertainty.

-2 .
The Ne in the interior sample (2.5 g em™%) of rock
64435 is dominated by the cosmogenic neon and in the three

isotope& neon diagram, the points fall close to the GCR-end

pointab The cosmogenic 21Ne and 38Ar amounts in this sample
are 0.112 and 0.126 (both in 1079 cc STP ¢™1). Using produc-
tion rates of 0.072 and 0.125 (both in 10~% cc STP gml_Myr“l

21 38

units) for ““Ne and “®ar respectively for the depth of this

gample the exposure ages are 1.55 and 1.0 Myr respectively.

The troctolite 79215 also contains nearly pure cosSmo-
genic neon and the trapped gas contents in very low. For
this sample, the ratios are 2ONe/22Ne = 0.83 and 2lNe/zzNe =
0.89. The cosmogenic 21Ne in this sample is about 16.96 x

- -1
18 8 cc STP g ~. Using the ZlNe production rate of 0.088 x

-8

10 cc STP g—l, the GCR~exposure age turns out to be 215 +

30 Myr in agreement with the value of 170 + 20 Myr reported

37 39 38

by McGee et al. (1978) based on Ar-""Ar method. The Ar/

36Ar ratio in this rock is 1.488 indicating the presence of

dominant cosmogenic componént. The Ar based age comes to be
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too high (305 + 30) Myr. For this rock, the production rates

used are based on 200 g cm™? depth for 79215 as judged from

high 131Xe/132Xe in this rock.

This discordance between the Ne and Ar based ages

probably arises from the uncertainty in Ca-contents Which
are not measured in theseé aliquot samples but taken from
literature for bulk rock (igyl et al., 197 ; Bickel et al.,
1978) . For this reason the Ne-based ages are considered

preferable.
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. CHAPTER VIIT

SUMMARY AND FUTURE PERSPECTIVE

What has been the linking thread of this study is the
charged particle raliations especially of the solar origin.
In this chapter, a summary of the results obtained in the
thesis using noble gas mass-spectrometric téchnigues is
presented., In an interdisciplinary field like this there is
always need for more observational and experimental data.
Need for such infofmation is also emphasized. Some of the
results arrived at in this thesis can be put on firm footing
by some new experiments. Such experiments and those to

improve the findings of the thesis are proposed.

The main objectives of the stuldy were :

(a) To investigate whether the solar energetic particles are
planetary or solar in the isotopic composition of neon

and in th¢ eleméntal composition of the noble gases.

(b) To Jdemonstrate the preseénce of SCR-produced neon in the
lunar soils and to resolve it in order to determine
their surface-exposure ages which can be compared with
those determined by other methods. This provides a
method to monitor the solar flare—~activity over long

time scale (ru10 Myr).
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(¢) To decipher the records.of early active Sun in gas-rich
meteorites by applying the information deluced in the
case of lunar soils anl to estimate the ancient solar

proton flux.

&, SUMMARY OF RESULTS

1. Composition of the solar energetic particles (SEP):
The problem of the SEP-composition especially of Ne-

isotopic composition was taken up beécause of the suggestion
by Dietrich and Simpson (1979) and Mewaldt et al. (1979) thaE
the Ne~comp08ition in the solar energetic particles (SEP) and
hence the composition of the Sun is planetary. The results
of this study (Chapter IV) are based on the step&ise heating
mass—Spectrometfic analysis of the etched lunar grains of
different minerals (feldspar anl pyroxene) and different
grain-sizes. It is concluded that the neon composition of
the Sun is not planetary. It is different from but relati-
vely closer to the solar wind composition. The agreement of
the SEP-noble gas elcmental composition with the SW-composi-

tion further supports this result.

In view of the large flare to flare variation it is
difficult to say as to what extent averaging of a few flares
can be taken to represent the long term SEP-composition. The
lunar soil-basel values, in contrast, represent values ave-

raged over a few tens of Myr. Another Jdifficulty with the
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direct (CPT) measurements is that of statistics. The
deduced isotopic ratios for the SEP-Ne are based on rather
small nunker of events. The variability in the CPT-based
flare-lata, therefore, is not surprising. The latest availa-
ble result gives “ONe/??Ne value of 1647(+10.3, -7.2) for 4
flares observed during 1981 (Simpson et al., 1983) which is.
approximately twice the value deduced earlier (Dietrich and
Simpson, 1979; Mewaldt et al., 1979). 4lling the 8 to 11
MeV nucleofi 'neon-data to their earlier data in the 11 to 26
Mernubleoﬁ} Mewaldt et al. (1983) have revised their valué’
of 7.6 (+2, -1.8) to about 9.2 + 2 which is now closer to
the value of 11.8 + 0.25 ldeduced in this study and that
Jeduced by Wicler et al. (1982). Figure VIII.l shows Jdif-
ferent values deduced by the different groups for 2ONe/ZzNe
ratio. The lunar and meteoritic sample-based values are
distinctly higher than the directly measured values. However,
the.two approaches have certain basic differences and hence
the difference in the values could be inherent to the tech-
nigques. The factors to which these differences can be

possibly attributed are s

(a) Short tem variability of flare-compositions and

limited statistics in the CPT-experiments.

(b) Difference in the énergy-range of the sampled solar

energetic particles by the two methods.
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The variability of the isotopic and elemental compositions in

3He/4He has been noted to be

the SEP is well known. The ratio
energy depenident (Black, 1983) and therefore the dependence of
2ONe/zzNe over energy can also not be ruled out. The con-
clusion, therefore, is that the long term SEP-composition is
not planetary either in the neon-isotopic composition or in
the noble gas eleméntal composition. Instead it is closer

to the solar wind composition. The lifferences in the values
obtained by the two approaches are attributable to the Jdiffe-
rence in the energy-range of particles sampled and more A
importantly the limited statistics and short term composition-
al fluctuaticn in the flare particles. It may be important
that the 20Ne/22Ne values deduced seeaems to be increasing with
the increasing retentivity of the minerals. The feld5pars
give value randging from 11.3 + 0.2 to 11.75 + 0.25. The
pyroxenes give a value of about 11.8 4+ 0.25. Limited data
available on the ilmenites indicate a still higher value
(Leich et al., 1975) which suggests mineral dependence of thé

deduced values for this ratios.

2. The Cosmogenic Effects of Solar Cosmic Ray Protons:
In this thesis, the cosmogenic effects of the SCR-
protons have been demonstrated using neon as the monitor. It
is shown that the etching of the lﬁnar grain~surfaces results
in relative enrichment of the SCR~proton produced Ne;component
and the implanted solar flare particles. Only grain-size-

suites and mineral-separates were used to keep the uncer— .
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tainty to a minimum. By employing stepwise heating proce-
dures and then using three—compénent—analytiCal equations,
it has been possible to resolve the SCR proton-produced neon
in these samples. Based on these amounts, molel calculations
have been made for the SCR-exposure ages (integrated residence
time in the top 2 g cm—z) for samples from Jdifferent lunar
soils. The SCR-exposure ages so delduced, have been shown to
be well correlated with the other maturity indices such as
percentage of the track-rich grains and mean grain-size. The
soil sample 61221, for instance, has SCR-exposure age of
about 4 Myr consistent with the small percentage of track-
rich grains found in it (12%) and the large mean grain size
(287 microns). The mature lunar soil 69921 sample has an
SCR-exposure age of about 21 Myr (lower limit) which is
consistent with the fact that it contains about 90% irradia-
ted (track-rich) grains. The deduced ages of about (130450)
Myr for the samples from the soil 14148 are, howevery higher by
about a factor of two than the track-based age (an upper
limit of 50 Myr) and also what one would expect from regolith~\
models. While the deduced ages suffer from the uncertainty
in the end points for the cosmogenic componeénts , in the
cdmposition_of the trapped componeénts, the possibility of a
factor of about two higher proton flux over the last hundred
Myr (compared to the value of 70 protons cm"2 sec*l deduced

for last few Myr) is suggestel by the present stuldy.
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3. Records of Early #4ctive Sun @ The idea of
the early active sun iS not new.‘ The result reported in
this thesis is consistent with the general picture of the
evolution of the stars. Enough evidences exist to suggest
that stars lose mass at a staggerring rate in the form of
solar wind during their early stage of evolution. Therebare
nbservations of the flaring stars suggesting very high
particle fluxes in the high encrgy region also. (Wordeﬁ‘et él.
1981; Fiegelson, 1983). The idea of highly active Sun has
been invcokeld here to explain the observed Ne—isotoéié
features, in the gas-rich meteorites. The analysis has
shown that a fluence of about 1018 protons cm - at energy
of about 35 MeV is required to explain the nesults of the
neon-analysis in the gas-rich meteorites. Two alternatives
are suggested to obtain Sucﬁ a protqn spectrum, This shape
of the spectrum can be generated during the preferential
trapping of the low energy particles on the ancient Sun with
a higher magnetic field. a&alternatively, a preferential
loss of the low energy particles in the dense interplanetary
medium can change a steep power law spectrum to a pulse -
shaped spectrum. Recent results on individual grains of
Kapoeta and Murchison also indicate the possibility of SCR-
proton-irraliation of these grains (Caffee et al., 1983). It
is therefore concludéd that about 4.6 Gyr ago the Sun was
more active anl the SCR-proton f£lux higher by a factor of

3 ,
about 10™ when the gas-rich meteorites presumably were
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avolving / forming in the regolith. The conditions of the
magnetic fields on the Sun anl/or the ﬂenser Jdust-cnvironment
of the interplancetary medium is conjecturel to have been
responsible for the Jdesirel pulsc-shaped specturm (peaking

at about 35 MeV) giving rise to the lOW'ZlNé/22Ne ratio é@ven
in the Mg-rich minerals such as pyroxcne. However, thé
observed neon-isotopic feamtures of the meteorites can also be
eéxplaineld by considering a small amount of pure (or nearly
pure) 2246 " to be present in the (lark portion of) meteorite.
The amount requirad being very small (i) 1 x 10_8 cc STPR g"l),
it may be Jdifficult to find it in the bulk sample. It is
shown that such model gives GCR-exposure ages agrceiﬁg with
those Jdetemined from the analysis of the light portions)
which was not possible with the 3CR-irraliation scenario.

However, more stulies shoull be carried out o unJderstand

thase controversies.

4. Noble Gases in Meteorites and Lunar Rocks
To study the cosmogenic anl trappeld noble gases, stepwise masse~
spectrometric stuly of meteorites was carried out. Results
on two of the meéteorites have been reported in the thesis
as they were founl interesting. The carbonaceous chondrite
Isna has been founl to contain planetary neon. However,
classification of Isna as C3(0)has been confirmel on the
basis of noble gas clemental ratios. The Xe-isotopic comé{

position has also becn shown to be Similar to the AVCC -
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. 21
composition. The lNe and 3He based exposure ages of 0.14 +

0.06 and 0.07 * 0.04 Myr respectively are low and consistent
with the absence of tracks in the meteorite. The study of
the meteorite &H# 77216,18 =z findl from Antarctica, was
prompted by the presence of solar flare-irradiated grains in
it (Goswami, 1980). The analysis revealed high amount of
trapped noble gases an:d a high 2ONe/22Ne ratio of about 9.8.
The elemental composition of the noble gases in this meteo—.
rite has also been shown to be similar to that in the gas
rich chondrite Kapoeta. This metcorite (4H #17216,18) was
of L-3 class of which very few are known to be gas-rich

meteorites.

The GCR-exposure ages of three lunar rocks from
#pollo-16 and apollo-17 missions have also been reported

21 38
basel on Ne and Ar in their interior samples.

B. FUTURE PERSPECTIVE

2046 /22,

With the upward revision of the CPT-based
value for the SEP-Ne (Mewaldt ct al., 1983) there seems to
be emergence of consensus over the nature of the SEP-Neon.
However, considering the limitedl data based for the CPT-
observation, anil the lack of observation in the low encrgy
region (v 1 MeV/nucleon),‘ne@d for observation of more

flares cannot be over emphasized. This is necessary to

remove the uncertainty arising from poor statistics. as
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the neon measurcd by mass spectrpmetfy in lunar soils is
dominated by particlaes of about 1 MeV nucleoﬁ} measurements
down to this energy are critical for letermining whether
differences in the results by the two techniques are due to
their different encrgies. This will also be of importance
to examine 1f the anomalous componcént of the cosmic rays
can affect the composition of neon Jdalucel from lunar soils.
Limited knowledge of this composition, however, prbhibits

any such consideration.

The status of planctary component is not clear.
Massive planets such as Jupiter are expected to have
retained their volatiles. The neon-iSotopic measurements of
Jovian-atmosphere may préviie answer to this cquestion. The
noble gas eleméntal composition of the 'solar-component'’
being different from the planctary componeént, there is
possibility of physical fractionation process in the
nehula. Future plangtary mission may provide vital clues to

this problem.

The quantitative estimations of SCR-proluced neon
attempted in this thesis is dependent on the isotopic ratios
of different reservoirs. The contributions of SCR-produced
neon, therefore,is decilel by the isotopic structure of the
SCR-produced neon. The SCR-ratio use.d in tﬁis study are

based on the results of Hohenberg et al. (1978). Several
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of the cross section values being interpolated and extrapo-
lated rather than measured, Suggests that there is scope of
improvement in the proluction rates and production ratios
especially for the Mg (p, x)ZINe reaction on which the parti-
tioning critically Jdepends. This reaction is important for
the study of SCR-effects in the gas-rich meteorites also.
It should be emphasised that the surface-exposure ages calcu-
lated in this work are only model ages and based on a set of
ceértain parameters, not all of which are precisely known;
With the possibility of better partitioning of components,
it would be possible to stuly regolith-core samples from moon
and make an attempt to infer the SCR-proton flux over dif-
ferent time-periods in the history of the Sun. Since track
and radionuclide-based methods can not be applied to time
periods beyond 10 Myr, the SCR-Ne based approach can provide
a view into hitherto unravelled time window in the history

of the Sun.

The problem of the high proton flux from the ancient
Sun cannot still be said to have been completely resolved.
There is scope for thesretical and experimental work on this
problem. The trapping an.l subsequent loss of low energy
charged particles in the Sun is not a well understood process.
While the ecarly active Sun is a viable proposition, right
now the requireménts to explain the anomalous isotaopic

structures neel i fferent kinds of spectra for different
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casés. It is possible thét the inteér-planctary medium wés
different during periods when-lifferent classes of meteorites
acquired thelr irraliation-records and therefore the proton
fluxes and the spectra expericnced by the grains in the

regolith were different.

A8 a consequence of work prescnted in this thesis,
need for the further experimental work is eémphasised. These
suggestions are made to extend the application of results
obtained in this work an:l also to improve or substantiate
them.

(1) More observational data for the SEP-neon with

measurement down to about 1 MeV nucleoﬁfL This will help
in reducing the unceértainty associated with the results
obtained from charged particle measurements which arises due
to statistical fluctuation anl the energy-dependence of the

compoSition, if any.

(2) Ne-cross section measurements in Mg especially in
the less than 10 MeV region and in the 50-200 MeV region
are desired to improve the Calculation of the production rates
and production ratios of ncon. This will improve the quanti;

tative estimation of the SCR-proton-induced component in the

lunar and meteoritic samples.
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(3) Study of uniisturbed lunar drill core samples such
as of Apollo-16. Stuldy of the SCR-proton proJduced neon
in thesé samples will permit the estimation of the solar

activity at l1iffcerent epochs.

(4) & need emphasisel by the work presented in this

thesis is that of detailed wérk to search for 22Ne—bearing
phase in the Jark pertion of the gas-rich meteorites. Géﬁe—
ration of pulsé-shaped spectrum of SCR-protons has scope for
considerable theoretical anl observational wofk. As these
two have been proposed as the plauéible e*piéﬁatidns for the
problem of thébgas~rich meteorites, it is hoped that it will

help in solving the controversy.
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