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ABSTRACT

fin"this thgsis the dependence of produc tion rates of
.. 0 6 60 s
smogenic nuclides ! Be, 2_Al, 21Ne, %ZNe and Co in

mééeafitgsfand iunar samples on size and depth has bee n
the long~term

gﬁél éﬁéq.‘Based on these investigations,

1lu r and galactiu,COsmic rays

X and spectrum of the sola

, deduceds. Sgveral physical procBSSesthichu@ayerﬁ,the
plidevproduction depth profiles in me teorites and lunar

mples, such as mass crosion due to micrometeorite

cts, collisional fragmentation resulting in multiple
ppéures to cosmic rays, and the ablation of meteorites

_the earth's atmosphere are studied in order to gvaluate

Thg effect

pih and size dependent production ratese

osmic ray intensity:

as been taken into soccount by calculating the annual

 £aVefég§ GCR fluxes during all the years covering solar
 cycle 20. e have used the documented lunar samples of
knoun exposure history, shielding depth and irradiation

eometry and the moteorite samples with known shielding
”dépﬁh; so that cosmic ray effects can be correlated uwi th

these parameters.

The 26Al depth profile in a 50 cm radius Dhajala

  ChQUdfite has been determined to deduce the épectra of

ffnuclear active particles 2s 2 function of depth within the

 fframem6rk of a model used for calculating production ratos.

'Several features of variations of GCR and the secondary



-II-

‘ns can . be understood by a comparison of. measured and
’iéted proflles, for example, the experimental Na
\1n DhaJala when compared wi th the oaloulated
ﬁfile sHows a significant excess, a part of which can be
fibutéd to high GCR fluxes during solar cycle 20. The

DCo production profile 1is used to calculate the

ming down density of the 0.5-300 eV integrated epithermal

vpdns in a 50 cm radius body. The slowing down density
less than the model calculations based on the fast

htron source function deduced from cosmogenic 4He depth
: 10 60 i
iles. It is found that the production ratio ( Be/ o)
_sensitive to the shielding depths and can be used to |
jotermine the preatmospheric size of meteorites.

- -

 The measured activities of ~ragdiohuclides .- . .-
Be, 26Al and 6000 in a sample of Kirin chondri te

/E}v 100 cm) are found to be consistant with the expected

/OdUCthﬂ- The depth profiles of cosmogenic nuclides viz.

b

:Z?Ne 22Na, ZGAl, 53mn 5%4Mn and 60cy are reconstructed.

¥
, . The depth and size dependent production rates of e
"} §hdi22Ne are calculated for chondrites with RE > 6 cm.
%These calculations allow -us to establish a criterion based
;gn track production rates and (22Ne/21Ne)sp correlation |
;#agram for identification of chondrites with complex

ippsure history. Several chondrites uwith complex exposure

istory are identified. Based on an assumed irradiation

gﬁielding'depth in parent bodies, the model exposure ages

_haVe been calculated.
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‘Une of the 1mportant physical processes which introduces

alnty in the preatmospheric size and velocity of
meteorltes and hence in their heliocentric orbits is the
atmospherlc ablation. The Baldwin-Sheaffer (1971) ablation

odel is used with some variations to deduce the preatmos-

pheric velocities of several meteorites. The velocities

be ostimated within an uncertainty of 40,5 to 42 km/sec.

 Théiz6Al depth profile measurements in lunar rocks
;fé;és7; 69935,14 and soil 67481,7 are consistent uith
;term average SCR flux QlVeﬂ by the parameters

\9): (125 125). The long~term average flux is higher
fthe'solar cycle 20 average of (90,85) and lower'tﬁan
fbeféyqle 19 average of (378,100-130). This hicher long-
*téph aV§ra9e can be reconciled with the'SBVeral periodi-

cities in solar flare activity.
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CHAPTER~I

S INTRODUCTION

%fhééis,/the nuclear interactions of the solar
fcdghio réys with interplanastary materials viz..
éhd Moon samples rosulting in production of stable
;éﬁfiﬁg nuclides are studied. Basecd on depth and size

v,,éﬁt,,.ifﬁxﬁ;m,r.Aa,,tFEMSWO,,FMN...C,O“_S_m,OVg.Oyn.i‘c,v,,,. nuc l i d,GASA,_th e l o nmg__ww

abtafistics of solar and galactic cosmic rays aroe
A brieF,introductioh to the nature of posmic'réys
hu@lear interactions followed by a section on scope of
iégan& given in this chapter,

ature of the Cosmic Rays :

nferplanatary medium of our solar system is permgatod

tfd/qharged particles of both the solar and extra-solar

' The Galactic Cosmic Rays (GCR) originate in high enorgy

lar processes in our milky-way galaxy and are subscquently
atod and scattered in the interstellar magnetic fields
bimpinging on the heliosphere. They arrive from all

pns ahd/isotropically. Only the ultra-high energy

19

mic rays (E> 10 eV) are oxpected to show anisotropy in

rival dircctions giving clues to their sources

>zyk and Wolfendale 1980). Bocausc of highor general

pf?iéid strength in heliosphere ( ~5 gammas) CDmpéer'

local interstollar magnetic field ( +0,3 gammas), only

{

h energy GCR with gyroradii greater than the dimeﬁsioﬂ af.
: A ) i
Ry

Os:hora ( ~70-100 A.U.) can penetrate the h@licéphérmg



QSQ1£§ in'sqlér;modulation of the galactic cosmic rays.

,nﬁéﬁplanetary'maghetic ficld decreases with heliocentric

‘ﬁaafand~consequqntly, low snergy GCR flux increascs with

gcentbic distance. Contemporary GCR mainly consists of 93%

\Qndahoes pecaks at Fo nuclei and VUH (> 30)/UH~ 1.3x10'3

ri ot al+1973)., This doos not necessarily represent
; bbmposition, becausa source composition changes
cantly due to spallation reactions of GCR with the

,gfellar matter (ISM).

~Tﬁa VH and VVUH nuclei in cosmic rays slow down by ioniw-
afidﬁygnergy loss producing solid state damage in me teoritic
Fiuhar rock minerals which can bs revealed as tracks by -
 9\¢hemical otching. The tracks scen in extra-terrestrial

are mostly due to VH nuclois

- The diffeorential energy spectrum of GCR particles ®&bove
 moV =N the inner solar system is described by a pouer

@fin kingtic energy, E, of the form
I(E) —
,C_j____(_g.)__: K(a"l'E) 0:0.(1'1)

wbéré,dJ(E) is the numbeor of GCR particles with K.E. betuween

' E and E+dE, and

7a'and y arc constants, y is dofined as the spectral index,
as the spoctral hardness or spectral shape paramcter.

E < 100 MoV/n, tho SCR particles and at E> 100 MoV/n, tho
GQR DaDticles dominate the intorplanctary space. They are very

6ffpgctive in inducing nuclear reactions in their interaction
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sbiid,éodicé in the interplanetary space, such as asfsroidj%

»a_hatcrials, micro-and macro-meteorocids, planetary surface§ 
tmgsbhéfos. As the GCR primary particles traverse the

fﬂﬁgey are aftenuated due to ionization energy loss and
;géfiﬁfpérticles induce nuclear intoractions resulting in

ndary nucleoonic cascade which, in turn, arc potential source

urtﬁéf nuclear recactions. In these nuclear intgractions, a
-Qﬁbéf af both the stable and radicactive isotopes are
E; A detailed study of production of radionuclides in
slatmosphero has been done by Lal and Poters (1967) and

nL?OCkS by Reedy and Arnold (1972).

he solar partlclos arc d1V1dnd into two groups. Solar

T(SWnggptiq;gs and solar flare cosmic rays (SCR). The SU

;Céhtinuous stroam.of charged particles due to the Hydfd—
:iéfGXpansion of the outer solar coraona, and this stream
rieé-wiﬁh”if the "frozen-in'" magnetic field from the sun
Ch;is‘fGSpDnSible for the general magnetic field of the

1§}aﬁetary medium. The physical propertics of quict- tlme\SW
Kinotic Enorgy~ a fou KoV, praton flux o 2,4x10% "

EZﬁE@?r?QCI,?”q SU volocity ~ 400 km/sce (Hundhauson 1972).
7aV¢rage solar wind vélocity rémains rolatively constant over

éQiar cycle. (Gosling ot al1-1971, Intrigillator 1975). Du:ingv

ar sunspot mlnlmum, there are more hlgh V01001ty (upta ™~ 800

SGG) solar plasma streams dominating the 1nterplanntary medlum
:Sﬁretching radially the interplanctary magnetic field. The

R%Particles di ffuse along this radial component of the magnetic
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dfd_gésily than along transverse component resulting in
ghermCCR Flux‘in'tho,interplanetary medium. The general

o

éﬁafy magneotic fipld incrcases during peak sunspot

o SU ions cannot induced nuclear reactions by virtue of

Iéﬁ,energy, but thoy penctrato matter to depth of a fouw

of microns and aroc implanted on the surfaces of extra-

ial objects.

The SCR are emitted in sporadic solar outbursts occurring

io;ar chromospherc called solar flaros. About 0.,1-1.0%
faéél solar flare cnergy is transformed into > 10 MeV
‘si(Lin and Hudson 1976). These particles travel into
/hetary medium before interacting with solid objects in
ar system. The proton fluence (flux integrated over the
,ation of flarcs which is of tho order of 1000 socs) in

7 10

flaro varies botwsen 10 -2x10 depending on the total

Bic field enorgy of the sunspots involved.

The SCR constitute of 90% protons, 9% helium nuclei and

% metals (Z> 2), Weutrons and positrons are also detccted

i?lares (Chupp et al 1973). Howegver, therc are no
ional cvidencos of dotection of neutrons and positrans

Chupp 1971). The VVH to VH abundance ratio is

Df? (Bhandari ct al, 1973). Tho encrgy spcctrum of SCR

}

1 represonted by a powsr low in rigidity (Freiesr and

963).



Lo 92 (t) expl -R/R (%)) (1.2)
. - 1 Coidit Pc

FBJRJ;S the particle rioi ; Yy = T e

méﬁentum per unit atomic number or energy per unit charge,

sffﬁe characteristic rigidity for solar flare par ticles,

_number of. particles between rigidity R and

 R+dR, and

time since the onset of the solar flarew

native form of the spectrum is the power law in par ticle

tlélénergy and is given by

K(t)e™Y ceea(I.3)

= constant and functionh of time, t,since the aonset
oiéf flare and y is the spectral index.

Ghéraﬁteristic rigidity (RD) is found tg vary bétween
'40Q4m¥ from flare to flare and generally decrease with time
ﬁ’tﬁe:sﬁart of the solar flare (Freier and Webber 1963).
99¢Q£fénca of solar flares of very high rigidity and high
 ;ﬁ§e is very rare. Jhe largest snlar flare observed Qo far

sted for several days and produced a fluence at 1 A.U. of
' 10

protons/(CmZ.E> 10 MeV/n), =and total eneragy
32

,pééthan ~ 10

eleased was v 10 ergs in accelerating particles, an amount

Q bérable to energy emitted in visible licht in the assocciated

lar flare (Lin and Hudson 1976).

The SCR protons have steep energy spectrum (Yo 3-4) and

Dhsequently their nuclear interaction effects are limited to
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_mdffér7éf'® 20 g].'cm"'2 from the surface. Thus SCR
L4 nuclides can be sasily distinguished by the characters -

"fadient in their concent;ations.

s and Moon Samples:

'é%eOritBS'are the interplanetary solid bodies in helio-

jbits which have survived complete ablation during
igh velocity entry into the earth's atmosphere. Dus to
arddynamical stress, the meteoroids, usually, undergo

me,faiicns and they fall as a few fragments or some times

é}é. Added to above are their unknouwn preatmospheric
ésfaﬁd helioccentric orbits. Unlike meteorites, the Mgon
are ablation froe, well-documented, handpicked and
safély to Earth by Apollo astronauts. Moon samples ars

iéf(éystem material from a well defined heliocentric

ce of 1 AU, uhereas meteoriod orbits extend to 3 to 4 A,U,

Meteorites are divided into four chemical catagories viz.

iiﬁes, Achondrites, Irons and Stony-Irons (Wasson. 1974),

}gl@mental composition of a particular class of chondrites
imilar to each other. The relative amounts of non-volatils
,ments in chondrites are remarkably similar to those found

fg@lar atmosphere and in atmospheres of sun-like stars.,

Rchoﬁdrites are differentiated mateorites containing no
%Ules. Achondrites are divided into two groups (i) Ca-rich
’rites and (ii) Ca-poorachondrites. Angrites, Nakhlites,
1#93 and Howardites belong to the first group, and Aubrites,

9enitgs, Chassignites and Ureilites belong to the later group.
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_adritéé'contain relatively higher amount of

-piehéntSi ﬁéliasites, Siderophyres, Lodranites
dé}itQS'areystony-Iron meteorites. Iron meteorites
fférent phases of Fe-Ni alloys, Kamacite and Taenitea

the major phases.

chaondritic meteorites have been subeclassifiegd infour

ant typos viz (1) Enstatite chondrites (2) 0livino-
: §655dritas, (3) 0livine-Hypersthene chondrites and
%ééds,chondrites. The Olivine-Bronzite and 01ivine~
He;;ﬁbnﬁrites are kﬁown as grdinary chondritess

on Fe/Si ratios, these ordinary chondrites are divided

fyges, €i) H-group, high Fe-content, (ii) Legroup, louw
“hﬁfand (iii) Ll-group, Low Fe and Low metal phase
The three most common silicate minerals are Olivines

59 (mg,re,ca)5103 and
ase fa i - C i .
ésevfeldsPars (NaA181308 aA1281208 )

,810, , Pyroxenes (Mg, Fe)SiO

cosmic ray exposure ages of chaondrites are much lower
"),than their formation dges (a 4.6x10° Myr). The

es must have, therefore, remained shielded from cosmisc

tia major part of their time in the interplanctary space.
arg me teorites wi th unsaturated 26Al activity and the
exposure stony meteorite so far known is Norton Caounty
MY?>15*P05U39 298 histogram shous peaks at 4 Myr for H
tés} 15 Myr for LL chondrite and the exposure ages of
DfCéué chondrite are < 15 Myr., L chondrite exposure ages

continuous spread below 100 Myr. Iron metgorites have
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agég’bdnsiderably greater than Stany me teorites and

togran peaks around 600 Myr. |

unéﬁfsémples are available in two types (1) Lunar

3S¢ii)\and (2) Lunar Rocks. The l.ynar Mare basalts

~t3~ohiefly, of Pyroxenes, Ilmenite (FeTiﬂz) and

biéée féldspar. The Mare regions are surrounded by older
. Wbfﬁt@f@d”térrafW§TWkwwwn as Highland regions.

°l h1and'r0cks are found to be rich in Plagioclase Fe1d53par

poor in Ilmenite. Many of the Mighland rocks are Brecoias

fé&“from physical compaction of fragments from manyv§qgrces.
,fa basalts ages are the times of impact craterij.rjv_glian_di
KHElﬁing of rocks beneath the lunar qrgst.mhi¢h ergpted
.bké,to tﬁe lunaf surface. The solidificatiogn ages of
hﬁ“rocks arg the times of laét crater;ng.eVents on the

known as Early Heavy Bombardment about 4 Byr aga.

COsmic Ray Induced Reactions:

———

 COSmiC~ray particles interacting with matter in space can

prod oé a wide variety of product nuclei. The production raté,

XQRé)‘of a nuclide, i, at depth X in a body of preatmospheric

is given by

J k

b

#
' k
"1 G.k.(E) dJ E) .dE ..Q'(I4)
J dE
k
1

Where J represents the target nucleus,

‘:Nj the target element concentration (atmos per unit mass)
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nuclear active particle

eiﬂﬁéb protdn or neutran)

(

1s the excitation function of reaction between project-
ile k with target nuclide, Jj, resulting in product

nuclide, i.

is the differential energy spectrum of nuclear particle
vk at depth X, which depends on incident primary
spectrum and the depth X in body of radius Rg,

N

is reaction energy threshold.

In the present work we are mainly concerned with the
ons induced by SCR and GCR particles with meteorites
on. ’Therefore some of the parameters which determine

oduction rates of nuclides are discussed belouw,.

Nuclear Active Particles: Most primary protons undergo

clear interactions in traversing matter before they are
mé¢,d0wn by ionization energy loss. flany secondary particles

as nputrons, protons, pions etcsare produced for each

nCideﬁi primary proton of energy E> 1 GeV which in turn

ﬁd\fgs further nuclear interactions producing additional
ﬁiéies. The dominant strongly interacting particles wiih

1PQ MeV in a large body are the.neutrons, since most charged
§i§iés with E < 100 MgV are Stopped’by ionization energy
‘Séé‘before they can interact with target nucleii. At high

rgies (E > 100 MeV), all particles interact in similar ways
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Df,the nucl r recactions of interest the excitation
G(E), at these high energies, da not depend

ally on the nature of the particles, Moreover, the

.d excitation functions are same. Most of these neutrons

w MgV energy are produced in cgvaporatiaon processes

’bffgdﬁﬂuclei and the higher energy (~ 10 MeV) neutrons

produced by Knock on processcs.

Séﬁéuse of the relatively low energy of SCR protons a
fffaction of these protons are stopped by ionization
yjlosses before they can induce nuclear reactions, A 50
féton has nuclear interaction mean free-path of 100 g. cm'z

'ﬁhefrange is only A 3 g.cm'z. Only a few SCR protons

o nuclear interactions resulting in insignificant

y production.

'J'EQ§YQY Threshold: Spallation reactions are high energy
lothermic reactions resulting in partial breakup of tha
VthUUCIéus into lower mass particles after forming an

féd compound nucleus (within time 10"15~10”16 sac) in

ision with an snergetic projectile nucleus., During the
XCltatlon of the compound nucleus, prompt gamma rays along

th protons, Nneutrons, alpha particles and other higher mass

are amltted resulting in either a stable or a radio-

Wnuollde.
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N +m
Eo = —
T ]

it

e

Na, Mg, K1, Si, Ca,

y of the nuclear active particles, which is given by

mass of the target nucleus, and
mass of the projectile nucleus

ajor target elements are¥

Fe, mh,- Ni gtc,

errgstrial samples are given.

Ntemporary cosmic rays is
egral proton flux (above
GCR intensity variation

Long-term variations

given by equation I.1 with average
E=1 GeV) of 1.7 protons/(omz.sec.dﬂ"gr).

due to solar cycle modulation is well

in the GCR intensity are due to

uSG;Df £he radioactiue‘decay, inike stabie iso tapes,
Qadgi;é'isdtope ﬁoncehtration does hot buiid up with time.é
’eyﬁféauction rate of a radionuclide remains constant,
,ywﬁhg;decay raie and the production rate become equal

o qléf¥equilibrium is established. Then the measured activity
‘h¥56 iSDtOpe is equal to the production rate, which depends

He averaged cosmic ray—intensity—over such—a—time period.

\létibn reactions have @ <0, The spallation reactions

ible at energies greater than E;, i.o. threshold kinetic

| @ | ceii(Is5)

n téble I-1 the energy threshold for the production of some
AH stable—nuclides in tho interaction of cosmic ray'priméry

epdndary protons and neutrons with major target elements in

Iﬂg GCR Intensity in the past ¢ The energy spectrum of the
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S?éézaf.the.éU” thfgﬁgﬁ arm=interarm regions of our
irél'galaxy, N

qqsm;e‘ray gradient perpendiculaf to“galéﬁtio plang
‘Q&Qo galactic latitudes covBred‘by the inclined solar
,ofbit about the galactic center, and

frequency of stellar explosions (c.g. Supernova) in

the solar vicinity,

,f;bm (39Ar/36Ar) activity ratios measured in then
;y'fqllgnrmeteoritesSchaefFer and Heymann (1965) found
GC# intensity averaged over last 400 years (mean-1ife of
is within 10% of the GCR intensity averaged over last
ﬁyrs (mean-1ife of 3651), indicating that supernova
*biated with Crab-nebula (1054 A.D,) did not change GCR
nténsitykby more than 10%. Voshage and Hintenberger (1963)

40 47x exposure age of meteorites were systematically

36 -36A

d that

higher than °°cC1 r ages indicating that GCR intensity
‘ageé over the last 0.4 Myr was higher by about 50% compared
'tbét averaged over exposurc ages of iron meteorites

"~ 600-900 Myr). These age discrepancies cannot be accounted

r by space erosion of meteorites or by any other mechanisms

Xééﬁt GCR intensity change in the past. Rccording to Sahagffer

1975), this exposure age discrepancy can be understood if
h@re is latitudinal (Z) gradient of GCR intensity in our
é}éxy given by

I, =1, exD(-Z/ZC) ceees(I.6)

re Z_ is tho characteristic scale height (~ 200 parsecs).
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The SCR Intensxty in the past:
=—

; sunspot act1v1ty undergnes cyclic variation with

age perlod1c1ty of 11 years, known as solar cycle. The

fgnetlc polarlty is reversed every 22 yearsg Wlth

‘slng“sunspots the frequency of flare occurrenqe increases
'a&g,SUnspots>are destroyed through flares during falling

. st cyole;although—even—during sunep@%—mihimumwwwww
'solaf flares are known to occur. Sunspot observations
bean méde from time to time since Galileo first saw

‘9 ¢£3 through his telescope and these records are traceable.

,qﬁiy, Eddy (1976) has gone through these records and those

urorae and eclipse observations and has shown that our Sun

undergons two prolonged sunspot minima in recent times,

laé‘the Sporer minimum (1460-1550 A,D.) and Maunder

um (1645-1715 A.D.) uhich were procceded by Grand Maximum
10-1250 A.D.).

 AiséArecent developments in solar neutrino astronomy
‘u1te 1nterest1ng in this connection. According to the
3dard stellar models (Schwarzchild 1958, Cox and Gluli 1968),

he energy generation in the solar core is due to continuous

'@currences. the most energetic neutrinos emitted in
idqdfive beta decay of fg JBBG + 8t v (14,06 MeV) should
toctable (Bahcall 1979). But, the observed low solar

vplﬁb capture rate of 2.2 sNU compared to the expected 77
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raieod doubts regarding the standard stellar models

ot al 1980). It is not known, today, whether the fault

mifh Stahdard solar model or with the physics of neutrino

aéétion. The general consensus is that the observation of
ééy neutrinos can best serve as a test of details of

'reaction chains rather than the test for occurmrence of

rareactlons themselVes. The objectlvB can best be achieved
tectlng neutrinos emlttud in P+p * H+ + {0,420 MgV)

115;

*detectors such as 71Ga, 87Rb, or 29571 which are

tive to the low emergy neutrinos (Bachcall 1979).

 5Non;standard solar models have been advanced by Ezer
Cémeton‘(1972), according to which a relatively low central
éﬁpefature is caused by mixing of material betuween the core
nﬁn—nuclear buring zones leading to variation in solar
ndéify. Fowler (1972) suggested that ldw neutrino flux
ngédltoday is due to sudden changes in solar structure in
Eést a few million years. Howecver there has not been any

vincing argument for such an unstable sun.

The studies of nuclear particle tracks due to VH nuclei

;Cﬁ afe cumulative over the entire exposure time have rGVGaied
pﬁmation on chemical composition and energy spectrum of cosmic
| This fossil track mothod has been applied for evaluating
,mlcrray characteristics in matgorites(Schaeffen 1975,

darl et al 1971, Fleischer ot al 1967) and moon rocks

;1©69’ Crozaz et al 1970, Flegischer et al 1971 and

gﬁa”déri et al 1971), the resuits of which generally agree

it thoy differ in details.
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7 fhéfobservatians of suhspot activity variations
75)7ahd'the low solar neutrino flux are -related,
olar flare activity, which is expected to vary

\d%s;\and solar luminosity should also shouw

Un:(fntrigillator 1975) . Thus, it is interesting

~fof solar flare activity in the past.

‘Sédpa of the Thesis:

The objective of the Thesis is to define the dependence

< '

duction rates of some cosmogenic stable and radioactive

des in meteorites and lunar samples on size, depth and
?element composition and then, to obtain léng-term

'#ﬁéfi;s of solar and galactic cosmic rays. This

atidn\is used to understand some of the physi cal

eéses sccurring in the interplanctary space, like erosion,
Sional fragmentation, and ablation occurring in the earth's
sphere.

’The approach has been to select documented samples of
,n‘e*posure history, shielding depth and irradiation

’try,so that the cosmic ray effects can be correlated wi th

parameters. The experimental techniques include radi o~

‘é;\determination of radioisotopes 26“1, 108@, 22Ng and

in selected meteorite and lunar samples. Five meteorites
reatmospheric sizes (RE) ranging from 6.5 cm to ~s 100 cm
chosen. Four radioisotopes viz 1DBe(t1 = 1.6 Myr), a high
. 26, 2 22

gy (E» 100 MeV) product, AL(D.720Myzp), Na(2.60 yr)

60

iuced mainly by 10-100 MeV particles and Ca(5.26 yr)
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hermél.heutrdn (0.5-300 eV) capture product are measured}

ﬁting systéms used. include B8*y coincidence spgqtrométer

6

ZEAIi 22Na and DCD and B&Zanticoincidence detectg; sy stem

1989 counting. This experimental study has been sﬁppleméntéd

mddél calculations of nuclide production in cosmic ray

ntepaétion; ablation of meteorites in atmosphere of the eabth,

gmgntation and multiple exposurc in interplangtary spacc.x>
éhéhges in nuclide production due to solar modulation of
Qu %H§ﬂso1ar cycle 20 are evaluated based on_recent flux
urenents,

Radionuclides in meteorites:?

26,

Experimental depth profiles of Al, 10

Be

) 22Na and
DC§ are determined in a Dhajala chondrite (REm 50 cm)f.Using
‘ ?5a1 depth profile and the Resdy-Arnold model as applicable
',héfébrites, the spectral shape parameter o 2s a functiéh:i 7
f%agbth are obtained. Using the deduced o values, the eXﬁéétéd
Ctﬁlp:ofiles of some other radionuclides are Calculated'ahd'
apﬁa‘@i£h the oxperimental depth profiles. The observed
ns¢réﬁéncy:betmeen these two profiles are discﬁssed in viegw of
he;iimitations of Reedy—ﬂrhold model calculations. The sﬁléf‘;
medUiafion of GCR and its effect on short—liVedkradi;nbclides

6

re investigatod. Ths experimental B¢ depth profile is

btained and compared with the theorotical profiles given by
tEbé#ﬁérﬂt et al, (1963). The slowing down density of neutrons

é~CalpulatedL
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a1, 980, %%0) in Kkirin

1ﬁU"cm) chondrite are measured. Based on comparison

10 53 26

tiﬁé concentrations of Be, Mn and Al with thoso

'éiauchondrite, an gstimate of eXposure age of Kirin
:b is obtained. Using this exposure age, the depth

ndent production rates of various nuclides are obtained.

- Tho 2841 production levels are measured in small
hdrités (RE < 15 cm) and are compared ui th produ ction

es calculated for these size meteoritese

254, depth profile in Lunar Samples :

One iunar nock 61016 and two rock chips (69935 and
Ss) which were taken from a same parent boulder have been
l&&ed for 2%a1 depth profile. The suntan exposure ages ‘
tg;;ebare well known from the depth profile of track
qgity»méasurements (Bhandari et al.-1975). The méasured
6A1~dgpth profiles in these rocks are used to deduce the
'bgst;fit SCR spectral parametgré and compared with those

26 !

déducéd from Al depth profiles in some lunar drill-cores

hd soils. The nature of ancient solar flare activity is

iscussed in light of results obtained.

ii) Multiple exposure of moteorites:

~ The depth and size d@pendence of 2N g produ ction rates
V(22N9/21Ne)ép for variOUS s;ze me teorites (bigger than
tbm> are calculated., A criterian based on track production
??tes and (22Ne/21Ne)Sp for identifying meteorites with
Cﬁhplex exposure history has been established,. Somg meteoritas

th complex exposure history have been identified.
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corite Ablation in the Earth's Atmosphere:

1lowing Baldwin-Sheaffer model (Baldwin and Sheaffer

_a‘dbmputer code has been developed to calculate the
tory and ablation of metsorites with known entry

tLqﬁs. The general applicability of the model are discusesed

‘mpfovement of it is suggested to match the calculated
atj_’:’c})’,‘n for meteorites with the limited observations available.

preatmospheric velocities of several meteorites with knouwn

éatm&SﬁhSric size and ablation are deduced.



CHAPTER-II

EXPERIMENTAL TECHNIQUES

chondrites and lunar samples have been analysed

aThBSB samples have been selected on the basis
itability for studying the cosmic ray produced

1idéé; A brief description of the meteorites and lunar

tudied and the experimental techniques followed are

this chapter.

nple Description:

Dﬁéjala_meteorite:

moteorite fell in Gujarat (India) on 28th January

ZOiﬂlhrs I5T at Dhajala. According to Bhandari et al-.

iNbbh et al,(1976) this metesorite belongs to the

probably H3 class of Van Schmus and Wood classification.

l;réCOVEPed mass of the meteoroid is ~ 65 kg¢ fMore
Uﬂif?agments,weighing between 250 g to 12 kg wéfe

difrom v 50 kmzstrewnfield.“ A feu fragments were

Sf cosmogenic radiocactivity within a few days of the
té;fall‘enabling measurement of very short-lived (5 days)’

sqtéﬁés in a few fragments (Bhandari et al 1978). 21Ne

¢6smib ray exposure age of Dhajala is 6.3+1.0 NMyr
et alv 1977). MNMore than 250 fragments were analysed
smngénic particle tracks and based on observed minimum

nsity in sample T-9 Bagolia et al:(1977) estimated the

spheric size of ~ 40 cm. Finding of another Ohajala
mith still lowsr track density (DH-9) has yielded

pheric size of ~ 50 cm.. From the visual observations
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Dhajala luminous trajectory the most probable heliocentric
has bsen calculated by Ballabh et als (1978) assuming
oégﬁéric velocity of 21.5 km/sec determined from the mass

on of 94% deduced from particle track and rare gas studies.

rbit had relatively high angle of inclination to the

liptic plane of 279,

Bulk samples weighing between 40 to 55 g of dif ferent
:ghts were dissolved for radiochemical separation Band

ication of elements of interest viz. Al, Bs, Co and Na.

adiochemically purified samples uere counted for 26Al,

EOCO and 22)\q isotopes.

Bansur, Udaipur, Madhipura and Kirin Chondrites ¢

f 7Bénsur meteorite fell in Rajasthan (India) in 1892.
is belongs to L group of chondrites. The recovered singls

ece of this metearite weighes "~ 15 kg. The preatmospheric

;lié éétimated to be v 50 kg (RE v 15 cm). The meteorite
fbéén axfensively studied for cosmogenic rare gases

Jalah and Rao 1976) and particle tracks (Bhattacharya et al.
' 21y,

 :.Pafticle track study shows asymmetric ablation. The

sure age of this metsorite is 15 Myr.

ydéipy; is also an Indian me teorite which fell near

pur (Rajasthan). The mass of this single piece isa 1.2 kg

_bslongs to H group of chondritese. The preatmospheric mass
hiS;msteoroid is estimated to be, 14 kg(RE=9 cm), and the

gxpasure age is 22 Myr (Gopalan and Rao 1976).



-2 3

ifmeteorite Madhipura, another Indian- meteorite fell on

-mg; 1950 in India.‘This belongs to L group of the chondrites;
Thé :ecovered mass iS’; 1rkg gorreSponding to effective reoovéra
99& radius of 4 cm. The extensive particle track density
gasufements have yiélded preatmqsphére size Rp=6.5 cm

7 handari @t 2l.1980). The cosmic ray exposure is 15 Myr

Gopalan and Rao 1976). The ablation deduced from rare gas

§ t£ack studies is relatively uniform around 2.5 cm.

Spot éamples from surfaces were studied for tracks to
; ¢értain the sides which were least ablated and almost radial
':ﬁxes were taken through above meteorites for measurement of
profile (Bhattacharya et al «1980). The directions
;¢f maximum track density gradient uwsre determined and the cores
ihere taken by an electromechanical water cooled diamond drill
1p§rer.

The Rl containing fractions of the core samples (after
{extrécting Mn, Fe, Co) from various depths of Madhipura
,meteorite core Were mixXed and processed for 26Al radiochemistry.
: Cutting powders of Bansur and Udaipur meteorites weighing

between 3-3.5 g were processed.

Kirin Chondrites

—

On March 88,1976 this largest stony meteorite fell in Kirin
éfQVince in China, The total recovered mass of the meteorite

Wés about 4000 kg with the largest fragment weighing about

7?0 kge The dimensions of this piece are 117 com x 93 cm x 84 cm.

The next largest fragment weighsv 70 kg. It has been possible
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puﬁiﬁogefher the récovered fragments and reconstruct its
fragmentatloﬁ size and shape (Co-operation Group, China
Thus reconstructed body is almost spherical in shape

offoctive recovered radius of V65 cm. The meteorite has

.

' 3. Lunar Rock 61016:

The selection of this lunar rock and many cthaps for
dést;uctiue Bty coincidence measurement of 26p by our
cé@previcusly, was based on some important criteria, viz.
’) 6bh¢0rdance of both the rare gas and track exposure ages;
i) high Al content:z, (iii) low concentration of U, Th etc.to
iﬁimise their interfersnce in measursment of §+ activity,
éV)’hauing well preserved top surface, (v) relatively larage

size of the rocks to minimise geometry sffect in whole rock

'dunting,;and (vi) known exposurs geometry.

R vertical slice from 11.7 kg Apollo-16 anarthositic

last rich breccia 61016 which was collected fram the Cayley

'Plain, Station 1, near the eastern rim of Plum crater uwas

onsidered to be a good sample meeting the above criteria..

'This piece 61016, 287 (Parent Na.40) weighed 35.04 g and had
well preserved 3,3 cm2 top surface. The sample is from Vv 30°
Zenith angle location on the parant rcck (Apollo 16 Prelimlnary

fSClane Report).
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fh FiQ.II.1 the schematic diagram of sample locations
ﬁﬁe“rOCR 61016,287 is given. Four samples from depths’of

?i?, 13.5 and 14.7 mm were cut and chemically procesééd?f

4, Boulder Chips 69935 and 69955 :

Two boulder chips 69935 and 69955 were removed from

op and bottom of a same parent boulder of~60 om in size by
 16 astronauts. The parent boulder was locatgd at Statigh 9.
bolia—16 Preliminary Science Report). The schematic diagram

_sample locations in 69935 i1s given in FigeIl o1

5. Lunar Soils @

Core Soil 24087 and Scoop Soil 67481

An automatic Russian space craft Luna-24 landed on Moon
n_ﬁath August 1976, Jjust outside the inner ring of the Mabe
?iéiuﬁ} Mare Crisium is amongst the oldest formations on the
gbh:énd has an unique multiringed structure. The diameter of
h'e’f"“/i'n\ne’r ring isa 500 km and that of the outer ring is ~ 1000
7?‘About1200 km from the landing site and away from the

Mare Crisium is a young crater Bruno.

Although the penetration depth of the Luna-24 drill core
uas ~u 210 cmy, the length of the recovered core was only 140
,ﬁ; The diameter of the core was B mm and the total soil mass

was 17U g. The tube was empty upto 47 cm depth and was scantily

fillsd upto 58 cm., from 58 to 73 cm the core tube contained
only the coarse grains (Barsukov et al.1977). Because of the

difficulty in remote operation of the corer, some loss of soil
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p0551ble. About 250 mg of soil strata removed from 86-87 cm

gégmetrlcal depth along the core is counted for total p051tron

:fivity by ﬂOﬂ—deStIuctlve gty coincidence technique .
Apollo-16 scoop soil (67481) was alsc counted for the

otal positron activity. The U, Th content of this soil being

quite low ( ™ ppm), the interference of 2321 50 positraon

hannel is expected to be minimum.

8) Experimental Techniques @

The experimental techniques adopted are divided into twa
wpérts, viz. (i) the radiochemical separation and purification
f elementsy and (ii) measurement of concentration of radio=-

active isotopes by suitable radiation detectors.

Among the chosen radioisotopes the 22y and 2641 decay
26

 py'positron emission to the excited states of 22\ and Mge
FThese nuclides de-excite to their greund statgs by emissicn aof
fheir characteristic gamma rays. lhe positrons ultimately
'éapture electrons fram the ambiené medium and annihilate inta
ﬁwo 0,511 MeV gamma guanta moving in opposite directions.

‘The most specific scheme for their unambiguous identification
 is to count the 0,511 mév quanta and the other characteristic
gamma quanta in coincidence with the g+preoursor and this is
 aGhieved by a pg#y coincidence spectrometer as described in
ifig.iI.Z. The radionuclide GDCG decays by gy coincidence
mede. The characteristic gamma quanta of i.173 MeV and 1.333
fMeU are emitted in coincidence with g particle. 1059 decays
ibY g emission and 1is nof accompanied by any gamma rays.

10

_Hence Be is counted on gfr anticoincidence system.
’ B
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I. CHEMICAL S-EPARATION OF MAJOR EL.EMENTS

Meteorite or Lunar Sample| - ) C,
Be Coarrier —> '
HF —o
HCIO 4 —
 HNOg—
‘ Dry

9m HCI - ,
@ T Aliquot for Atomic Absorption

— SiFq {

" Extract with i-propylv Ether

[HCI §9I_n_._]—-————~|re i Ether)

9m HCI Back Extract
with Hy0
Anion Column

- 9m HCI 4mHCI Water
Fluate Eluate Eiuate

Al, Be,Mn Co Fe —Mix
Na,Ca,Mg +
( Ni
Ni L STORE
Purify Co

H202 ®

NH,OH

Filtrate PPT.
Ni,Na,CaMg| | Al,Be,Mn

ConHNO;—~
H,0p =

Purify NaBros—

Na

0)

Fil!ro!e PPT
Al, Be MnO2} '

0.3m HCl—
cut i STORE

H,S —1

CuS Filtrate

PPT Al, Be

Store |
[CATION COLUMN]

2m

NH,OH —

EDTA—
NH,CI
NH,OH

Filtrate : PPT
Store AL{OH)4

Fillrate PPT | n“e_*!
Slore BelOH)p ¢ !

‘ . Al,0
© Purify Be zva

. ®

Flouw 'chart of radliochemical proceduree.

1g.I1,2
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ochemical Methods?

‘hadioohemical methods of separétion and purification

of slemsnts is necessary in both the g and gt#ycoincidence
ébhniques to discriminate isotopes of interest from other
nterfering isotopes and to achieve higher signal to back-

und_ratios. The radiochemical method employed in this-

.

ork is similar to the methods of Shedlovsky et al, (1970)g’

nd Marti et al.(1969) which which were later improved upan

y Finkel (1972) and Kohl (1975).

fé)f Chemical Separation:

FigseII.2 gives the flow chart of the main chemical steps
involved. The chemical procedures consists of the following

impostant steps (for a typical sample of 50 g of meteotite)..

In case of small amount of meteorite samples and lunar samples,
the procedure was modified depending upon their chemical

composition..

(i) Crushed and sieved bulk samples (¥ 2.5-50 g of
méteqrite samples and 0,4-1.,5 g of.moon rock samples) were
:ﬁiésolVQd in 48% Hydrofluric Acid (HF). After treatment with
perchloric acid (HC104), nitric acid (HNOS).and Sulphuric \

Acid (stoa) the dried residue was, finally, dissolved in

After the solution became clear 1% by volume aliquot
cés‘taken for atomic absorption spectrophotomstric (AAS)

termination of abundances of several slements,
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4 (iii)‘Iron was extracted by complexing with ice-cooled
di-isopropyl ether saturated with conc.HCl from 9 m HC1
:S:leu tl 0N

 (iii) Cobalt was separated on a 150 cc anion exchange
‘plumh (Dowex-1,x '8, 50-100 mesh) conditioned and eluted

with 9 m HCl. The Co green band from the column was eluted

with 4 m HCL,

(iv) Four column volumes of 9 m HCl elute from anion
 exchan9e column containing Al+Be+Mn+Ni+NasCa+Mg+... was
 bqiled down to ~ 100 ml and Al, Be, Mn were precipitated

 as hydroxides by NH40H(pH=8) in presence of dilute hydrogen
Jperoxide (HZDZ), and it was allowed to stand for 3-4 hrs

to blacken due to formation of Mn-oxi-hydroxide MnD(DH)Z.
{Tﬁe precipitate uwas filtered through Whatman 42 filter paper.
_ihe well washed black precipitate was dissolved in'conb.HNDz.
'The bluish coloured filterate contained Na,

(v) The conc.HNO, fraction from step (iv) above was dried
‘and repéatedly treated uwith conc.HNO3 te drive off NHACl.
  The final soclution in conc.HN03 was coaled to’v 50°C and Mn

was precipitated as MnO, by adding sodium bromate (NaBrGS) in

2

~ presence of dil.HZD The precipitate was centrifuged.

¢
(vi) The centrifugaté from step (v) above was diluted to
W&\SOO mi. Al and Be were precipitated as hydroxides and it was
fSeharated on a centrifuge. The precipitate was dissolved in
A 30 ml of dil.(2 m) HC1. By adding pure NaOH pallets the
_hydroxides were precipitated at pH:’?.Al(DH)3 an d Be(OH)2 were

preferentially dissolved in equal volume of 4 m NaOH solution.
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ﬁdlution‘was_vigorouslynbﬁiléd.for 10 minutes. The luke-~

afh éélution was then.centrifuged. The precipitate was again
‘igéd with. ~ 300 ml of 4 m NaOH and above procedure was
rébéatagvfor 2 to 3 times. The final combined centrifugate
wgé;acidified (pH=5) with cénc.HC;. Al and Be were precipitated

s hydroxides at pH=8 by adding NH,0H solution. The precipitate

was filtered through Whatman 42 filter paper and it uwas

pgpgatedly cleaned to remove NaCl completely. The precipitate

was then dissolved in 0.3 m HC1l solution.

About 10 mg Cu carrier was added to the above solutionm.
1§ wcavenge was precipitated by passing H,5 and the precipitate

filtered.

(vii) The filtrate from step (vi) was dried and residue

jas dissolved in 40 ml of 1 m HCI.

(viii) The filtrate from step (iv) containing Na+Ni+Ca+Mg+..
uas processed further for Na chemistry. Ni was precipitated as
NiS at pH=8 by passing HZS' The step was repeated until NiS$

precipitation was complete.

(ix) Mg and Ca were precipitated quantitatively as Mg~and
Ca-~orthophosphates at pH=8 by (NH4)2HP04. The step was repeated

until the phosphate precipitation was complete.

(x) The filtrate was boiled down and treated with

:conc.HNG3 to expel bulk quantity of ammonium ghipride-salt

formed in the above step (ix).




-3

*) Radiochemica1:Purification H

(i) Purification of Co ¢

The 4 m HCl elute from anion exchange column was dried
and taken in 50 ml of 0.3 m HC1l. About 10 mg of Cu carrier was
added and CuS scavenge was precipitated by passing H,S5. At pH=8,

NiS was precipitated by passing H,S. The filtrate was dried and

H4Cl was driven off by treating with”conc.HNOE. The dried

residue was dissolved in dil.HC1 (1 m)e

The g =-nitroso-g =napthol regagent was prepaced by
dissolving 4 g of the salt in 100 ml of glacial:.agetic acid &nhd
;400 ml of warm water., Filtered cool solution was used within
’aboUt two hours. About 0,25 g of o =-nitroso- B—nabthol is
required for complexing 10 mg of Co. Co was then complexed with
’ @ -nitroso~ g -napthols The red-blood coloured precipitate was
mérmad to coagulate and‘the cooled solution was filtered through
mhatman 42 filter papers Ihe precipitate was dried in an oven
at a temperature of 100°C for about 6 hrs and then it uas
ignited in a furnace at'BSUGC for 2-3 hrs. The cobalt-oxide
(90203) formed was then depgsited an perspe* source holder for
Fﬁfcoincidence measurement of SDCD. In some cases the recovered
Co_.0. was dissolved in dil.HC1l and then cobalt was electroplated

273

_ on a copper planchet. The electroplating procedure is described

la tEI‘n

(ii) Separation and Purification of Al and Be i

The 40 ml of 1 m HG1 solution from step (vii) above

_contained both Al and Be. This solution was charged on a 150 ml

A
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{béatedrdation exchange column (Dowex-50,X8, 100~200 me sh)
ﬁditioned and eluted Qith'1 m HCl. The 5th, 6th and 7th

yhn volumes of 1 m HC1l elute contained Be. After passing
‘ditional 10 column volumes of 1 m HC1l, the 16th, 17th and
gth column volumes of 4 m HCl elute was collected which

cghtainsd Al.

" The Be fraction was boilsed down to 10 ml and then diluted
qisﬁ.ml with water. By adding dilute ammonia solution the pH
as controlled at 7, A drop of dil.HCl was added to dissolve
ée,white turbidity., Abou% 10 mg of EDTA-—Na2 salt was added.
5én.at higher pH(=9) Be(DH)2 was precipitated by dil,NH,QR
&1Uﬁion. The precipitate was filtered on an ashless Fiiter

paper and ignited, The BeO recovered was deposited on Cu-holder,
~The Al fraction was boiled down to ~ 20 ml and diluted

_with v 100 ml of water. Al(DH)3 was precipitated with diI.NHADH

solution at pH=8., The filtered and well washed precipitate

mgé,lgnlted tao AlZGS'

(iii) Purification of Na :

The Na fraction from step a(x) was dried and dissolved

fn 20 ﬁl of 1 m HCL solution. It was charged en a pre-calibrated
i§é£ion exchange column (conditioned and eluted with 1 m HC1)s
The 3rd, 4th and 5th column volumes of 1 m HCl elute contained
Na”fraction. In this process, Na is well separated from pota-
ésiUm and trace quantiiies of other interfering elemants.

The Na was allowed to crystalise as Nall.
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jv) Purification of Be :

in case of pure 58#8 counting, it is gssential to assure
’fhat the Sample is pure, bécauqe there is no selection available
;in'oounting. Since Be is a reactive element, the problem is very
severe. After first counting, the Bg sample was purified by

oxtracting with Theonyl-Trifluoro-Acetone (TTA). This purifi-

cation was repeated until constant 1089 specific activity was

obtained,

vTTA»ExtractiDn of Be 3

It consists of following steps:
1¢.2¢22 g of TTA was dissalved in 100 ml of analytical grade

Benzene to prepare 0.1 m TTA solution.

2
neutralised with dil.NH4UH solutioﬁ. About 500 mg of

2, About 50 ml of dil.HC1 solution containing BeC1l_  uwas

EDTA._Na2 salt was added, Using Harleco pH standards
(pH=4 and 8), the pH of the solution was controlled at 6.5
At this pH white turbidity due to formation of Be(DH)2

appears.

3. This solution was mixed with TTA solution in a tightly
stoppered shaking flask, and shaked vigorously for about
2 to 3 hrs on a flask shaking machine until white ‘turbidity

in lower soclution disappeared.

4. The Benzens layer was separated from the aqueous layer.
The Benzene solution which contained Be-TTA complex was

mixed with 131 (by vol.) of conc.HCl and Formic acid
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(85%) (HCOOH) in a stoppered flask and shaked vigorously

for 2-3 hrs.

5. The aqueous layer was separated and evaporated to dryness

under infrared lamp. lhe residue was dissolved in 50 ml

di1.HC1 ( ~1 m HC1) and Be(OH), was precipitated at pH=8

precipitate was dried and ignited to BeO.

(v) Electroplating of Cobalt

For electroplating of Cobalt, the C0203 obtained in
step b(i) above was dissaolved in "~ 50 ml of dil.HCl. The
following plating bath was used for™ 30 mg Co. A mixture
of 4 g of ammonium sulphate, 1.2 g of tartaric acid and 1.5
g of hydrazine sulphate was dissolved in about 50 ml of
Co-solution. Sufficient conc. ammonia solution was added to
adjust pH=8 (Finkel 1972). The solution was then méde to

80 ml by adding distilled wafer. Copper planchet cleaned in
dil.HC1l and in chromic acid cleaning solution was kept at a

negative bias. Spiral platinum anode wire was kept hanging

over the Cu~planchet.

The electroplating was carried out at constant current
of 200 mA at 1.5 - 4 volts. Throughout the plating process,
it was necessary to control the pH at™ 8 by adding dil.NH4UH
solution. As far as possible plating bath was kept covered
with a perforated perspex sheet to allow the liberated gas

\at the anode wire to escape. The plating normally took~ 8

hrs and the plating efficiency was normally greater than 90%.
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(c) Radioactivity Measurements !

For the measurement of radiocactive isotopes in extra-

Eéffééfffgimsgﬁﬁﬁég;ﬁthé'selectiVB and specific low level
cbunting‘techniques are adopted for the follouwing reasons 3
(i) Small quantities of samples available due to their

precious nature,

(ii) the unusually low specific activities of cosmogenic
radionuclides and
(iii) high backgrounds due to environmental radioactivity
and penetrating components (y ~rays, u ~mesons)
produced in nuclear cascades generated by high energy
cosmic ray particles in their interaction with the

earth's atmospheric constituents.

In low level radiocactivity measurement techniques it is
necessary to reduce the background and increase the counting
gfficiency as far as possible. Significant reductioﬁ in
background is obtained by adopting spscific counting techniques,
such as dual coincidence gxy, XY g Y= (Bhandari 1969).
Because of the specificity in detection techniques, tremendous
reduction in backgrounds (na 103 to 104) is achigved without
- loosing much in detection efficiency. Because of the specific

detection mode ( Bipoincidenoe) adopted, the interference in

_positron channels due to any other impurity is neglegible.

Detector system performance is svaluated in terms of
minimum combined counting time T that must be spent in counting

source and background to obtain a certain precision in the net
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counting rate. The FIGURE OF MERIT (FOM) of a counting systenm

is then defined as % and is given by (Oeshger and Wahlen 1976),

S o N 2
{
Fom <« = = g % s? { 2 l. coea(I1.1)
| — L 7z,

L

—

+
|

where-8-=-net-counti-ng-rate B
B = Background rate
o]
£ = —E i.e. relative standard deviation in 5.

S

In low lsvel counting techniques, S4B and we can write

n
FOM « 2 & - where = counting efficiency for
B n

a standarde.

In bgta-gamma spectrometric technique adopted in this work

n
the system having maximum value of ( §— ) and the energy

ne
interval over which B is maximum is chosaen.
T Bgta~Gamma Coincidence Spectrometer:?

Schematic diagram of{faﬁcoincidence spectrome tric
system is shown in Fig.II.3. A thin window Geiger~Muller
(GM) counter is kept in flush 5n top or in well of 12.5 cm x
12.5 om Nal (T1) scientillator .recording Y —rays following

the design of Bhandari (1969). Anticoincidence guard counter

is positioned just above the GM Beta Counter. The entire

detector system is housed in @10 cm thick lead shield.

The detector system stability was checked by running

standard and backqground periodically. The detector system
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13

resolution was (FUHM) 8.5% at 662 KeV '°'Cs peak.

2. Beta Counting System :
For beta counting of 1089 a well GM counter in
anti-coincidence with NaI(Tl) detector was used. Be0 was

depbsited on Cu~holder.

The details of different detector configuration and

system performance are given in Tables II.1 and II.2.

(D) Determination of Radionuclide Concentrations :

The specific activity, expressed in "distintegfations
per minute per kg of bulk sample (dpm/kg)", is calculated
using the following formula:

Net signal(cpm) X 103

Specific Activity(dpm/kg) = cees(I1.2)
F xF. . xF xF _ xWUxBR
c” SA” d” eh

ideal detection efficiency

where F
c

FsAz/@ ~particle self-~absorption factor
Fd = decay correction factor
Fch = chemical yield

= weight of bulk sample processed for chemistry, g

BR Branching ratio of mode of decay under detection

t

cpm = Ngt count rate per minute
The self-absorption factor is related to the absorption
coefficient H,of the deta particles and the thickness, t, of

the deposited salt, by
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Ve : '
1--5 H’ (II.:’))”

FS A= "]J:E““-"- s ae

The absorption coefficient 'ﬁ,is given by

zJI: 0,693 . eoo (I1.4)

where 1 is the absorption half-thickness of beta particles.
2
The absorption coefflclent r.ware obtained experi-

mentally by measuring absorptlon half- thickness T4 of the

: 2 ,
ﬁyﬂpartioles in appropriats medium. The decay characteristics,

mode of decay and absorption coefficients of the radionuclides
studied are given in Table II,3.

10

(1) Determination of Be

The specific activity of 1059 was determined in

several Dhajala fragments and in a Kirin sample.

A 19%¢ standard was procured from Br.McCorkell
(Smithsonian Astrophysical Observatory. Thesstandard was
deposi ted on éwo source holders to deterQine detection
efficiency., The idel detection efficiency was 27% for
standard depésited on perspex holder and 40% for standard

depdsited on copper holder.,

Although, the maximumenergy Emax of P ~particles of

22Na and 'UBe is similar, their detection efficisnciss are

quite different. Yhile, the ideal detection efficiency of

+ —
22\ q I;partioles is 35%, that of ' Be p —particles is 27%.
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The radicchemical and counting details of 108e measuremants
in Dhajala samples and in Kirin sample are given in Table II.4
“and II.8, respectively.

22

{2) Determination of Na @

The specific activity of 22\a was measured in four

Dhajala samples. In case of all the four samples, sodium

bontent in aliquot which was taken just after disselution of
bﬁlk sample was found to be higher than that expected from the
normal H chondritic abundancs. After realising the.Na exce%@
in case of first two samples analysed, precautionary measures
_were taken to chesck the source of contamination. The chemicals
used, (viz. HC1, HNO,, HF, HC10, and Boriec acid péwder) were
tested for Na-content., The amounts found were too smell to
ﬁ gccount for the excess Na. In order to check the excess sodium
comming from leachingof glass wares by possibly untreaded HF,in
subsequent samples the dried cake obtained after HF treatment
was crushed by a teflon rod, and repeatedly treated with
r:ono.HZSD4 and boric acid in a platinum dish and fumed to drive
of f HF completely.vInspite of the above pracautionary msasures,
it was found that some excess Na was always present.

The effeet of Na contamination was merely to dilute the
.22Na aétivity. In determining chemical yield, the esxcess
sodium was taken into account. The efficiency of sodium was
calculated by using the aliquotrvalua of sodium, representing

the initial value. Radiochemical and counting details are giVen

in Table IIQS.
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26

(3) ‘Détefmination of Al

The specific activity of 26Al is determined in several

2641

Dhajala samples and in a Kirip sample. The level of
_activity in Madhipura, Bansur, and Udaipur chondrites are

_also determined. Depth profile of 25Al in well documented lunar

rock sample 61016,287 and in boulder Chip 69935,14 uere
determined. Alsa, 26Al activity in deep shielded sample 69955

_was also measured,

The radiochemical details of 26Al determination in Dha jala

samples are given in Tabls II.6. In Table II.7, the radio= ..

chemical and counting details of‘26Al determination in Madhipura,

264,

Udai pur, Bansur chondrites are given. The details of
measurement in Kirin are given in Table II.8. The atomic

absorption spectrophotometric measurement of some major target

element abundances in various depth samples of rocks 61016,

69935 and in sample 69955, along with the adopted chemical

composition of two lunar soils 67481 and 24087 are given in

~ the Table I1I1.9. The radiochemical and counting details of
. , _
6Al measurements in various depth samples of rocks 61016, 69935

and in sample 69955 are given in Table II.10.

The radiocchemically recovered A1203 from Dha jala and
Kirin samples wpore deposited on 3.63 o2 perspex holders and

counted on system I and in some cases the salts were redeposited

on 9.6 om? perspex holder and counted on System-II.
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‘Bulk samples of three meteorites (Madhipura, Udaipur,
Bansur) wgighing ™3 to 3+5. g were chemically processed and
the extracted Al,0, were deposited on 1.05 om’ cu-holdsrs

and counted on System-IV,

The 26Al activity in®™ 3 to 3.5 g samples of Madhipura,

Udaipur, Bansur and of some Dhajala samples were detected in

0,511 MgV positron annihilation peak, 1.022 MéV sum peak and
_the intermediate energy channels and 2.32 MeVl sum peak
,(1.809+0.511) were detected, The ideal detection efficiency
of 13.,5% in the above anargyy’ragions and background as louw
as 3.3x107° cpm wéré achieved. The typical counting times
va:ied bethen 15 to 20 days.,

- (d) Determination of 6000 3

The 6000 activity was dstermined in several Dhajala
~ samples and in a Kirin samples. The radiochemical and counting
details of 60¢c, measurements in Dhajala and Kirin samples

are given in Tables IIl.11 and II.8, respectively.

The two’010891y spaced ¥ -peaks (E=1.173 MgV ana 1. 333 Mel)
af 6000 ars separated on the P:Y‘spsctrométar with the tails

‘of the peaks slightly overlapping. So, the channels in the

energy range 1.08 MeV to 1.44 NMeV were chosen. The detection
afficiency was +2.4% for Co-samples deposited over psrspex

holders and was 4% when Co was plated on copper planchets,

The chemical yield of Co in Kirin sample was 77% and
for Dhajala samples varied between 67% and 98%. The Co

abundance in all Ohajala samples was uniform at a value of
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~5H-

‘Tﬁﬂ"ﬁﬁﬁ}“Eé”aéféfﬁiﬁEH”EY“KAS”iﬁ different aliquots. The
Co-cantent in Kirin was 840 ppm.

(E) Determina tion 6f positron activity in Apollo-16 and

lLuna-24 5o0ils:

The positron activity in 228 mg of Apollo-16 scoop

 so0il (67481) and in 162 mg of Luna-24 core soil (24087) were

measured by non-destructive B*Y coincidence téchniques The
soil samples were spread uniformly on a thin mylar film ;f
2 on? area and counted on System-I. The signal in 0.51104045
MgV and OfSBDiU.DSO MgV eneragy ohannéls were detected. The

counting details are given in Table 1I.12.

In case of non-destructive counting a significant

contribution to positron channels arises from comptaon

scattered gamma rays from 0.580 MeV peak of 2DBTl, a daughter

product af 232Th. The relative contribution due to 208Tl was

‘determined by Bhattacharya (1979) and Bhandari et al«(1976)

by counting terrestrial basalts and granites containing

known concentration of 2327, gn the same counting system.
Following Bhattacharya (19%9), a pelative contribution factor
of 1.137 is used. To obtain net positron signal, the
contribution due té the net count rate in 0.58040.050 MeV

channels in positron channels wwere substracted. The errors

'

are large because of the interference correction and small

sample available as shown in the table. Fthe positron signal

A

in case of Apollo-16 soil was due to only 26p1 while in case

2
of Luna-24 soil, the signal was due to both 26Al ah d zNa as it

was couhted soon after it was collected from the Lunar surfaceas
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CHAPTER-IIT

The experimental techniques used for the measurement of

10 26

Vi
Be, 2“Na, Al and 6DCo in several Dhagjala fragments and
26Hl in Madhipura, Udaipur and Bansur chondrites and in some

lunar rocks and soil samples have been described in Chapter-II.,

In the present chapter, the results are presented and the depth

profiles of various radionuclides are constructed.

(A) Depth Profile and Radionuclides in Dhajala Chondrite:

(i) Shielding depth of Dhajala samples :

The Dhajala meteorite fragments resulted from multiple
fragmentations producing a shower, of which more than 500

2 of the streuwn

fragments could be recovered fram about 50 km
field. The largest fragment (T=92) weighs about 12 kg. Maost
of the ;ragmeﬂts were subjected to cosmogenic particle track
studies. A few selected fragments were studied extensively
for tracks and their shielding depths are well determined.

10 22

In Table III.1, the ' Be, “°Na, “°A1 and ®YCo data
in Dhajala ffagments studied so far, their activity ratios

and available track density in some samples are summariseds,
The sHielding depths given in the table are for preatmospheric
size R. 450 om (Bhandari et al-1980) and the exposure age of
6.3+1 Myr (Rao et al+1979), Only in_gése of samples T-67,

T-11 and T~92, the track data are saf?stically good and
feliable.-Their deduced shielding depfhs are accurate within

about #3 to 45 cm. In DH-9 sample, houwever, no cosmogenic

tracks could be found giving lower limit to 40 cm on its




- 59

1x83 88g (P) “(8L6L) °Te 38 Taepueyg (9)
nAco,.Emu..:m:EEoo 83eNATIg) IB8SSN8Y°g (9) “ACOﬂpmoﬂcnegou aj3enTig) TTT8380uUey (®B)

soT3ey /(837X

osyaw 63 /wdp) A3 TAT3oy oTJIoedg

(s¥sv) (sTav)
. _ — - g3c~ - ds
A - 1¥g1 s¢ - - (wajyscdep
0% oy g+ Sutp
-T87TYs
() - oLxge L - 0IXE S (F) ,0LX67 "L - o
K g (| -TAws, _moy:ugl
za® 800 _z20°0 _ _ _ T¥g,]
- - - Tope Tigeg Fgeco zatotveto - 20°0%2p*0 5070870 |5
i o Tovez T Tylrz 82°0F29°L
Fezz = ¥go'z - - GZ*Z LZ'0*55°C _ Z2¢°0*tpyl*C BC*O
zg*o _lo°o _ _ - —
- - - - r._ﬂ.mw.w ¥zz g Z0°*0*teC°0 0L*0t9LtO plLegte0l LL*Lt0E"E N.mm.
9¥ 1L 1¥gL  1¥9 - Z¥ sl cF¢g §°gF8g £¥ 5z g z¥or6l
9¥ 8y - 1¥8y £¥yg p*c¥9g g*z¥lLg §°CFS 6V - z¥F6v
8¥oLlL ¢¥Feol Z¥ooOL - - ewﬂmrruvmeﬂwwe gL¥sel 51¥50l
= - - yz oFgelz E£*v¥ecil Lto¥slL L°0F0°LlL 8°0FO0sl g°0¥e*0?
(9) va. (®) ) oijey
6~Ha L=y L9=1 89-1 Li=-1 6=HQ Z6-1 zlz-1 glLZ-l L-6=1L /8pTITony.

—0Tpey

| *TII-378YL

saTduwes eTeleyg uT e3ep »}3eIj arotqaed pue apIronuoTpex otusbowsoa Jo AIzswung




0w

shielding depth. The track data in samples T-272, T-273, T-68
and T-75 are not statistiéally geod enough to deduce their
shielding depths.

From the Table III.1, it is observed that the measwured

6080 is minimum in T=-67(depth ™~ 6 cm) and maximum in DH-9

‘(shielding depth> 40 cm and is assumed to be 4545 cm in
10

this discussion). The Be activity in sample T-9-1 is

21.841.5 dpm/kg and 184+0.7 dpm/kg in DH-9, Singce the activity
of 6DCO is expected to increaseg with shielding depth in a
50 cm radius body(Eberhardt et 2l 1963) and the activity of

1089, is expected to gradually decrease

high energy product,
with shielding depth, it is expected that the activity ratio
(1889/60C0) should be a good indicator of the relative |
shielding depths in meteorites. In Fig.III.1, the observed

(1059/6060) ratios in samples T-67, T-11, T=92 and DH-9 are

'plotted against their shielding depths. Unfortunately,

10

‘reliable Be data for sample T-67 does not exist. Howsver

since the GDCO activity in T-9-1 and T-67 samples differ

105@ activity in T-67 can be assumed to be the

slightly, the
s 10 60 .

same as that in T=9-1. The ( Be/ Co) ratio decreases from

3.7 at depth of 6 cm to 0.22 at depth of 45 cm. This depth

calibration curve based on (1089/6000) ratio is used to deduce

the shielding depths of other samples. In sase of sample

T-68 and T-75, the 1DBe data does not exist. Their shielding

depths are deduced from the 50c, profile constructed based on

other samples (Fig.III1.2).
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(ii) Depth‘profile of %90

This radioisotope showus maximum depth variation,
Its production rate varies by a factor of % 13 over a depth
_interval of 6 to 45 om (Fig.III,2). Being an gpithermal

neutron capture product, its production is directly related

tO f. l aRG f 1 32 e V neu.t,ron s Th & da p Lh va I‘ia .tigoan.._ﬂs,h,o ws tha.t,.
the neutron flux increases with shielding depth.

26

(iii) Depth profile of Al 3

The depth profile of 2°41 is plotted in Fig.III.3
and the best fit curve is drawn to show its depth variation.

The 2

a1 production rate is 48 dpm/kg at depth of 6 cm, it
increases to 54 dpm/kg at depth ofn 15-20 cm and falls domh
to 50 dpm/kg at depth of 35 cms: ThHereafter it remains nearly
constant with depth. Since shallow depth samples are not
~available the entire depth profile is assumed to be due to
GCR particles and is used to dedice the depth profile of the
spectral shape parameter in a body of 50 cm radius, as
discussed in Chapter;iV;

22

(iv) Depth profile of ““Na

The 22Na depth variation is similar to that of
2631. The pfoductioh rate increases from 100 dpm/kg at a
depth 5f 6 cm to 126 dpm/kg at depth ofsn 15 cm, and decreases
to 110 dpm/kg at depth of, 35 cm. At larger shielding depths,

the profile flattens out (Fig.III.4).
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(v) Depth profile ofv1OBe :
10

The Be profile shows least variation with depth.

10

The Be activity increases from about 21 dpm/kg at depth

of 6 cm to 22.5 dpm/kg at 12 em depth and then decreases ton

17 dpm/kg at larqge shielding'depths (Fig.IIT1.3).

(B) Radionuclides in Metegorites ¢

(1) 26Al in Madhipura, Udaipur and Bansur Chondrites *

The description of these meteorites is given in
Ch;pter—li. The preatmospheric size of Madhipura, Udaipur
and Bansur cHondrites are 645, 9.0 and 15 cm, respectively.
The depth profile of 53IYIn was measured in these meteorites
by Bhattacharya et al-(1980)and the profiles were found to
be nearly flat. Being a low energy product like Esmn,tha
depth profiles of ZGAl is also expected to shouw similarvdepth;
variation, We have measured 26A1 activity in 3 to 3.5 g sample
of each of these chondrites to determine the level of 26&1
production rate in these chondrites. In Table IIT,2, the

26

measured Al activity and other relevant data on these

meteorites are summariseda.

(ii) Radionuclides in Kirin chondrite @

1089, ZGAl and 60Co in a 25 g

Ve have measured
sample of Kirin chondrite and the results are already given
in Table II1.8. The detailed interpreation of these data will

follow in Chapter-IV,
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(C) ‘Depth profile of*zeﬂl in Lunar rocks 3

(i) Shielding depth of samples in Lunar rock 61016,287$

The details of this rock specimen are given in
Chapter-II. The 35.04 g of the slice 61016,287 was saved

from the 11.7 kg parent boulder. The surface of the slice

was exposed at zenith angle of 30° on the parent bouldsr.
The cutting diagram and sample locations are schematically
shown in Fig.II.1 (Chapter-II). Five depth samples were cut
using 0.5 mm thick diamond cutting wheel driven.by an
electromechanical motor. The samples shouwn by shaded

region in the diagram are‘cutting pouders. Although, the
thickness of each powder sample is 0.5 mm, the depth of the
entire sample has uncertainty of 2 mm which is due to the

non-flat top surface of the slice. The depths of the samples

measured along the edges of the sliée arg 2 mm less than the
depths measured from a point on top of the surface (shoun

as Z’= 0 in the diagram)., Since most of the mass of each
samples comes from intefior regions (away from the edges),
the effective depth of the sample is close to the depth
measured from the point Z = 0. for sample with depth greater
than 1 cm, the effect of this uncertainty on the effective

depth is calculated to be insignificant.

Since the bottaom of the rock slice was not parallel to
the top surface and the bottom-most sample was sliced parallel
to the top surface sampleaRC~2—8—1 has largest uncertainty

of 4 mm in its depth. Because it is from large shielding depth,
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 the error. is not serious and we have adopted its depth to be
equal to the mean depth measured from tha.point Z = 0. The i
summary of 2641 data measured by radiochemical method is

given in Table IIl.3.

.bzsﬂl,depth profile ¢

The observed 264 activity is due to both the GCR and SCR-

contributions. Since the SERcontribution at large shislding

depths (> 10 g.om™2) is neglegible, the “°Al activity at

large shielding depth is entirely due to GCR particles.
Towards shallower depths the SCR contribution dominates.
ZGA

The 1 activity in near surface sample of 61016 rock is

highest and equal to 735475 dpm/kg (Bhandari et al.1976).

The activity decreasss rapidly with depth reaching a value of
n 300 dpm/kg at depth of 1 g.cm-z(p = 3 g.cm"s)andﬂa 195
dpm/kg at depth of 2 g.cm~2. Thereafter the activity decreases

slowly with depth to a value of %~ 150 dpm/kg at 4 g.cm-z.(Table
I11.3).

(ii) Shielding depth of samples in 69935,14 = .

- g

L]

Two chips 69935 and 69955 were removed by Apollo-16
astronauts from top and bottom of 2 boulder located near
South Ray crater. The description of the boulder chips is
given in Chapter-li. The chip 69935 had two exposed surfaces
(i) top exposed, sligﬁtly concave in shape and (ii) west side
exposed, slightly convex in shape. In the ppeSent study uwe

have limited our studies to the samples from top exposed

portion. The schematic diagram of two portions of the chip
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and the sam le locations are shown in FigeIIadta The zénifﬁf
p v ‘ . )

angle of the chip on the parent boulder is ~ 20°. Two

samples NG=7 and NG-9 were processed for 2644 radiochemistry.

The depth of NG=7 is 0-2 mm and NG-9 is 3-8 mm.

The boulder chip 69955 (NI-3) which :was removed from

the bottom of the parent boulder is from effective shielding

depth of 60 cm ( « 180 g.cm‘z)

26&1 profile 3

The summary of our measurements of 26Al in NG~7, NG=9

and NI-3 is given in Table III.3. Although the data are

2

limited, they compare well with the GAl profile in 61016

2641 activity in top 2 mm thick sample is

sample. fhe
269423 dpm/kg and in 3-8 mm depth sample the activity is
108417 dpm/kg. The activity in NI-3, a deep. shielding sample

is 68421 dpm/kg.

(D) Paositron actiyity in Lunar soils (24087,1 and 67481,7):

The description of tﬁé two lunar sopils is given in
Chapter—II, and the details of measurement of the total
activity by non-destructive gty coincidence spectrometry
‘are given in Table II.12,. Thé results are discussed in the

Chaptel‘-—I Uc



CHAPTER-IV

DISCUSSIONS

(A) . Radionuclides in Meteorites :

The production of cosmogenic nuclides depend sensitively
on the size and shielding deﬁth of meteorites. The production
due to SCR protons is confined to first ~ 20 g'.cm"2 of depth

and in deeper regions GCR protonsand their secondaries

(viz. neutrons, protons and charged w mesons etoc.) dominates
Due to the atmospheric ablation suffered by meteorites, the

layers containing SCR records are usually lost., Only in a

few rare cases of ablation, near surface regions can survive

the atmospheric transit.(Bhandari et al.1980).

The nuclide production rate at any depth depends on
(i) the target element concentration, (ii) the reaction
gxcitation functions, and (iii) the flux and energy spectrum
of nuclear active particles. There are three main approaches @f,§
calculation of production ratés : (i) thick target
byombardment calculations (Kohman and Bender 1967, Trivedi
and Goel 1973), (ii) Monte-carlo simulation of intranuclear
evaporation-cascade in thick target irradiations (Armstrong
and Alsmiller 1971,and. Van Ginneken and Turkevich 1970),
and (iii) analytical method using thin target excitation |
functions and flux and energy spectrum of primaries and
secondaries. JThis last method has the advantage in that
it allows for more and more refinement ;g and when improved
and new cross-section data become available. An analytical

method of calculating the spectra of primary and secondary
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nucleonic flux waé first attempted by Ebert and Wanke (1957)
which was later improved by Lavrukhina et al. (1969). Reedy

and Arnold (1972) feveloped 86 analytical model to calculate
depth pfofiles of radionuclides in the Moon, based on an

approach similar to that of Arnold et al. (1961). This model

requires a priori knowledge of the flux and shape bf the

 energy spectrum of the nuclear active particles and the reaction
excitation functions. The production rate at depth X in a body
of effective preatmospHeric radius RE is given by equatian

I.4 (Chapter-I). In Rgedy~Arnold model the enerqgy spectrum

above E ~ 100 MeV is assumed to be of the form

~245
) = K {g+E } c deslIvat)

and in the energy range of 2.5< E < 100 MeV,

| ~2.5
ggQX,WRE) = K{ 4 +100 } {M(E)-(a=50) 6 (E)} ...(IV.2)
where M(E) = 94E~1 4 503 =2 - 300 E=°
714265 _ g.00091. | ceo(IV.3)

af’ld 6\':.) = D.:’)

In 0.5< E <2.5 MgV, the spectrum is assumed to be

)-2.5

-%— (X, RE) = K( a+100 { 115-( a =50)%x 0.094}

x { 1.31754+0.5E-0,25E%) ce (1V.4)
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In above equations, J, K ando/ are functions of ‘X and Rg
 kIn geﬁeral Reedy—ArnDid model predicts the depth variation
'in agreement with the measured depth profiles of some
isotopes in the Moon (Kohl 1975, Finkel 1972), but there
are disagreements between the measured and calculated

‘production rates for other isotopes. This discrepancy may

be dug to inaccurate and scanty cross-section data available.

If F_ is the integral proton flux above 1 GeV in free
space and FG is the integral nucleonic flux (51 GQV) at

geometrical depth X in a metearoid body of effective radius

RE’ then we have
21 T
F(X,R)= (5 do | F exp(- &) +afF_ exp(- E=)}
G E ; i 0 , o) A
_ "o o™ Ap a

v b Folexp (- E) - axpl= 2=) y AL 1) | sinede
d Ap d: d Ap :

s

vevee (IV,5)

s A s @a, band d are constants taken from
p o

Reedy and Arnold (1972),

where A

6 is zenith angle,
¢ is azimuthal &angle, and
r<X’RE’e ) = distance along zenith angle § of a point at

geometrical depth X and is given by (Bhattacharya et al.1972),
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2 |

P(X;RE, 8) = ~(RE~X)'COSQ + Lﬁg cosz 6+2REX sin? enxzsinfil
. o0 (IUIS)

The depth variation of the spectral shaps parame ter uwas
obtaeined by Bhattacharya et al.(1980) from the experimental

depth profiles of 53mn in meteorites of different sizes.

Using the production excitation function of Gensho et al.
(1978) for >omn production from Fg, the free space GCR
integral proton flux of 1.7 protons/(cmz.sec.4 Ist) and
absorption and interaction parameters of Reedy and Arnold
(1972), they calculated the values of ¢ for 6.5, 9, 15 and

25 cm size meteorites. For large meteorites this value is not

avai lable. -

Here we derive the depth profile of spectral shape
parameter from the measured 26Al depth profile in a 50 cm
radius me teoroid Dhajala. Using these deduced & values, the
expected production depth profiles of othér ragionuclides viz.
10

Be and 2%Na are calculated and compared with experimental

profiles.

(1) The ZGAI depth profile and spectral shape par ame ters:

The depth profile of 26Al in Dha jala has been described
in Chapter-III and is shown in Fig.III.3. The best fit depth
profile is used to deduce the values of spgctral shape

paramter, o .

26

The Al is mainly produced from target elements Al and

Si due to GCR particles. The production reactions are

(Table~-I1.1).
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A1(p,pn) and'27Al(n, 2n),

and, 2BSi(p,apvb and 285i(n,vipn).

Mg contribution is found to be negligible, and other

target elements do not contribute more than 2%,

The reaction cross-sections of production are available
for the energy range 25-52 MeV (Furukawa et al*1971) and
at 600 MeV and 24 GeV (Regnier 1973). These cross-sections
‘are known within n 10% uncertainty. Thé contribution due to
26mg is very small and is neglacted.‘The target e lement

abundances are Al:1.15% and Si:17% by wt in Dhajala (H3)

chondrite.

In Table-IV.1, the results of the calculations are
presentQA. The best fit a values; deduced K valuss and flux
above energy 1 GeV and 10 MeV are also tabulated, The e Xposure
age of 6.3 Myr based on cosmogenic 21Ne and SBAr waé adopted
for calculating the production ratgs Cﬁﬁpalan et al.1978).

The GCR flux above 1 GeV decreases wiﬁﬁ‘depth whereas the
%lux > 10 MeV first ihcreases With déhth upto ~ 15 cm

(due to secondary production) and then decreases.

The best fit 4 values deduced are shaun in Fig.IVi1.For
comparison, the g values for REf- 25 cm chondrites
(Bhattacharya et al. 1980) and for Moon (Reedy and Arpold

1972) are also shouwn.
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22Na depth profile and GCR modulation during solar

cycle 20 ¢

et e ottt s e Sttt

The experimental depth profile of 22Na is described

in Chapter~III and is shown in Fig.III.4. Whereas the

shape of the profile is similar to the calculated profile,

the absolute values are about 35% higher than the caloculations.

Since the calculated values are based on long-term average
GCR flux of 1.7 protons/(cmz.sec.drlsr.> 1 GeV) and
Dhajala fell at the time of solar minimum, the higher >°Na
activity may be due to higher GCR fluxes during the past

decads before the fall, The excitation functions. for 22Na

production from target elements Mg, Al, Si and Na are given
in Fig.V.1(o).

This 2.56 .yr half-life 22

Na is produced mainly during
the décade before the fall of the Dhajala chondrite in 1976,
which covered the entire solar cycle 20 (1965-1976). The
GCR flux in the interplangtary medium is modulated due.to
solar actiyity and before we.calculate the effect of solar

modulation, it is essential to knouw the GCR fluxes during

the solar cycle 20,

GCR fluxes during Solar Cycle 20 :

For the calculation of modulation effect on 22

Na

production the available measurements of GCR spectra

(Bodiin et al.1973, McKibben 1977, Hsieh et al.(1971),
3

Garcia-Munoz et al (1975a, b, c© and 1977 ) over entire
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period of spiar cycle 20 are used. The measurements at
1 Gel are iimited"but,there are.good measurements
available in ~ 100 MeV to ~ 1000 MeV region during solar
quiet times for all the yearsi covering solar cycle 20.

These quiet time fluxes are taken to be the representative

of the annual average GCR fluxes at 1 A,U., In view of the

'during solar sunspot minimum (Van Hollebeke et al.1972,

Bdrger and Swanenberg, 1973), only the high eneragy

measurements are used for extrapolation to determins the

GCR spectra at >1 GeV energies. This extrapolation is

guided by the available high eneégy measursments, models

of GCRVmodulétion, the local GCR interstellar spectrum and

the interplane tary spectrum of 1973 (Garcia-Munoz et al.1975).\
The available measurements of GCR spectra based on 1iteraturs
éited above are shown in Fig.IV,2¢ The spectrum beyond 20

GeV for all the ysars is assumed to have the spectral form

given by (Wolfendale 1975):
g—g-%gl: K E—2.65 ¢ e 0 (IUQS)

The calculated integral proton flux above 1 GelV
are giVBﬁ in Table-IV, 2. The errors in the measured
fluxes are of.the order of 5 to 10% at 1 GeV, and since
the integfal proton.flux depends mainly on GCR filux at 1 GeV
the errors in the flux estimates are of the same ordere. The
annual average GCR flux varied between 1.32 protons/ |

(cmz.sec.4TTsr. >1 GeV) in 1970 to 2.36 protons during

1976, with average of 1.940.1 protons/(cm2.sec.4 I ér. =1 Gal).
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T TABLE-IV,2

Computod GCR proton fluxes, J.( > 1 GeV) at 1 A.U. during

‘Solar Cycle 20

Annual mean 41 integral proton flux
350 > 1 GGV)_, |

Yoar o
(protans/omz.sac.)
1965 2209° 2423
1966° 1,97
1967°% 1.57
1968° 1.62
196927 ° 1.48
1970° 1432
19717 1,66
197 2° Z?DQ
1973°%7 - 1.55
1974%2°7 2.06
19757 2.23
19786° 2.36

Solar cycle 20 average proton flux JG( > 1 GeV) = 1.90.1

Protons/(cmz.sec.4 msr)

a) Hsieh et al., (1971)

b) Bedijn et al. (1973)

c) Garcia-Munoz et al. (1976b)
d) McKibben (1977)

e¢) Garcia-Munoz et al. (1977)
f) Garcia-Munoz et al. (1975a)
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 TABLE-IV,2

Computed GCR proton fluxes, JG( > 1 GeV) at 1 A.U, during

Solar Cycle 20

Annual mean 41 integral proton flux

Ygar
(protons/cmz.sac.)

1965 22090 2423
19667 1497
1967 % 1.57
1968° 1.62
166927 ° 1.48
1970° 1432
19717 1,66
197 2° 2?04
1973%7 _ 1.95
1974C1%7 2.06
1975" 2.23
1978° 2.36

Solar cycle 20 average proton flux JG( > 1 GeV) = 1.940.1

Protons/(cm2.800.4 Isr)

a) Hsieh et al. (1971)

b) Bedijn et al. (1973)

c) Garcia-Munoz et al. (1975b)
d) McKibben (1977)

e) Garcia-Munoz et al. (1977)
f) Garcia-Munoz et al. (1975a)
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~This value is higher than the long-term flux of. 1.7 protons
adopted by Reedy and Arnold (1972)and in this thesis. The
flux of 1.7 protons is based on measurements during sglar cycle

19 (WUebber 1966). Since solar cycle 19 was the most active

period of sunspot activity observed so far (i.e. since 1750),
the above flux of 1.7 protons may not be representative of

long-term (millions of years) average. In Fig.IV.3 the

annual average GCR fluxes and the annual mean Zurich
smoothed numbers (NOAA, Solar Geophysical Data No.397, 1977),
R, for the entire solar cycle 20 are plotted, The GCR fluxes

are sesn to anticorrelate with the sunspot numbers with a

phase lag ofa.s 1 year, as sxpected. The phase lag of ane
year is required for the sunspots to effect the shange ifaths

interplanetary magnetic field.

Bassd on the annual mean GCR fluxas given in Table-IV.2

the expected 22y g activity at any time, t, during the solar

cycle 20 is calculated by

Raa(t) =z Pio22 ( 1-e” A 22 AT},X e )‘zz(t-ti) e.o(IV.6)

22Na activity in a metorite fallen at epoch,

=
o
©
H
®
>

N

N
—~~
o
~—
i

t, during the solar cycle 20,

Pi 0o = Production rate of 22\ 4 during yesar indexed
?
by 1,
T = Period over which P, is constant, taken

1’22

as 1 yr in the present case,
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— Production rote (Rg=50cm, X=15cm)
. 0] 22No . 197
7500 g vans et al (19 9‘) |
T © 22No Present Work %Dho]olo
—~ 650 g °%a  Bhandari et al (1979) Sy -
550
450}
3501 - X%
250+
150:“
o~ -
‘Q 224
////’”““\\\ . ‘//f o
0] % ///€¥
' § §V —
E ol 1 ~ |
N 70 1 l { { i l ] l { l 1 l

1965.0 67.0 690 710 73.0 75,0 77.0
EPOCH (SOLAR CYCLE 20)

' 22 54
Fige.lV.4 GCR modulation of Na and Mn

activitiesse.
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fime since the end of ith year, .and

o
i
cf
1l

‘decay constant of 22Na, yr"1

R
N
N
i

The results of the calculations are presented in
FigeIV.4 for production in a typical chondrite of 50 cm
in radius and at typical depth of 15 cm. Similar calculations
for °%Mn are also shown in this figure. The 22\ and ®4mn
measurements of Evans et al. (1979) in séveral choqdrites

which fell during 1968-1976 are plotted in Figs.IV.4 for

comparison, Although the calculated curves agree with the

general trend in the 22Na and 54Mn activities measured in

meteorites. The departures from the expected activi ties

v

are due to their different shielding depths, their differentN__,

sizes and possibly due to different orbits of meteorites
and chemical differences.

22 54

The Na (presght MOrk) and Mn (Bhandari et al.1978)
activities at depth ~ 15 cm in Dhajala (Reas 50 om) plotted
in the Fig.IV.4 show that the observed activi ties are higher
than the calculated by 15% and 28%, respectively, over and
above the +12 and +28% effect of solar cycle 20 modulation.
This excess of 15% in “ZNa and 28% in °*Mn activities have
been attribufed to the higher GCR fluxes (26% over the entire
solar cycle 20) énd 40% (cver 3 to 4 yrs before 1976) at
heliclatitudes > 15° by Bhandari et al. (1978), based an

the calculated hel;ﬁoentrio orbit of Dhajala chondrite
(Ballabh et a1,1978). The 22Na depth profile obtained in

the present work supports the above conclusions of

Bhandari et al, (1978).
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(3) The 59, profile in Dhajala and Neutrons in Meteoritess?

The experimental depth profile of §DCd in Dhajala
chondrite is shown in Fig.III.2.

The 5.26 - yr half-life 60cq is produced in both the
”radiafiVe thermal neutron capture by 5980 reaction and the
GCR induced spallation reaction on 60Ni. As the GCR primaries
traverse the matter they produce secondary evaporation
neutrons of a few MgV energy. These fast neutrons are

subsequently slowed doun to‘epithermal (1 MeV=0.5 eV) to

thermal (0.5-0,025 eV) energies in inelastic scattering with
the nuclei of the medium, before they are captured or

escape. If & is the logarithmic energy decrement and Etot
is the total macroscopic absorption cross section, then the
slowing down length 1 of neturons in the medium under

consideration is given by

1 et ceveeed (IVLT)

£L tot

where Eztot is known as the moderating power of the ma di ume

The moderating power is given by

3 - ziwt. ou b £y ceeneaa(1V.B)

t

where Ny is number concentration of scattering nuclei and
o a,t is the inelastic scattering cross section from

scattering element, t.
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It q(E) is the slowing douwn density of neutrons and o(E)

is the flux of neturons,. then we have

i

q(E) = ®(E) . §E_ . .E ceeea(1V9)

Eberhardt et al. (1963) calculated depth profile of
several neutron capture nuclides vize. 36Cl, 59Ni and GDCO,

in spherical chondrites of various preatmospheric sizes.

They used the cosmogenic 4He depth profile measurements

available in Iron meteorites to deduce the source function

of fast neutrons. By adopting proper slouwling down lengths
for chondritic composition they evaluated the slowing

down density and calculated the production profiles of

the neutron capture nuclidese. These production profiles
have been used in literature to deduce the shielding
depths of meteorite samples and preatmospheric sizes of
meteorites. In Fig.IV.5, the theoretical production depth
profiles of Eberhardt et al. (1963) for different size
bodigs and the experimental depth profiles in 50 om radius
Dhajala (H3) chondrite, about 100 cm radius Kirin (H5)
chondrite and in about 100 cm size Allende (C3) carbonaceous
chondrite are shown. It is seen that the Eberhardt et al.
curves are in disagreement with the experimental profiles.
The deduced °°Co production rate of~ 100 dpm/kg at the
éentre of a 50 cm body is a factor of two smaller compared

the Eberhardt et al production rates. In 50 cm body the
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thefproduction profile initially incréases slowly with
depth upto ™~ 20 cm éhd then inecreases rapidly with depth.
In larger size bodies, the mgasurements indicaté that the
production increases with depth upto ~ 30 cm where the

GDCD production goes through a broad maximum and then the

production gradually decreases with depth. The observed

’

maximum activity is 240 dpm/kg. In carbonaceous chondrite;
Allende, the production peaks at shallouwer depth ofa 15 cm
with maximum production of '~ 210 dpm/kg. The slowing douwn
length of evaporation neutrons in ordinary éhondrites is

~ 28 cm and in carbonaceous chondrites, it is calculated to
be ~ 16 cm. The recent improved calculations of neutron
capture nucliae depth profiles of Spergel et al. (1981) have
also yielded the production rates in di sagreement with the
measured depth profiles given here and the shapes aof their

calculated profiles are similar to those of Eberhardt et al.

(1963 ).

There are several meteorites whose preatmospheric

sizes are known from cosmogenic particle tracks and rare"gas
studins (Bhandari et al.1380) and the measurement of BDCO
in them are available., The GDCO activity in Bruderheim

(R_ = 37 cm)? St.Severin (RE = 25 cm), Ucera (RE = 24 cm),

E
Pribram (RE = 24 cm), Harleton (RE = 18 ¢cm), Barwell

(17 cm), Lost City (16 cm), Hamlet (15 cm), and San Juan

Capistranao (8 cm) are, respectively, B.5+%7.1 dpm/kg

(Fireman, 1966), 111 dpm/kg (Marti et al.1969), 1042
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:dpm/kg:(Bhattaoharya:and Bhandari, 1976),< 9 dpm/kg
(Fifeman, 1966) , 14i1vdpm/kg (Cressy, 1964), 641 dpm/kg
(Cressy,1970), 544 dpm/kg (Crgssy; 1971&),6.5¢2.4 (Fireman,
1966) and <2.,9 dpm/kg (Finkel et al.1978). It is observed
that fhe GDCO activities in these meteorites except for San
Juan Capistrano, is above the spallation 50¢c, productian
level (which is o 2 to 3 dpm/kg, calculated using the
cross-section data for 60Ni(n,p) reaction from Brookhaven
National Laboratory Report No.325 and the specﬁral shape

parameters given in Fig.IV,1). In San Juan Capistranc

chondri te (RE = 8 cm) the entire GDCD production is due to

P

spallation reactiong in chondrites with RE> 10 cm, the thermal

neutron capture contribution is quite significant. Fireman

(1966) measured GOCD in several iron meteorites, and in some
carbonaceous and ordinary chondrites and found that the
Eberhardt et al. (1963) calculated production rates are
higher than the observed production rates at the centre of

a 40 cm size chondrites.

The Eberhardt et al, (1963) model calculations contain
many uécertain parameters. The model is based on the fast
neutron source‘function derived from the 4He depth profiles
in Grant Iron meteorite whose preatmospheric size was
determined based aon rare gases, whila the depth and size
dependent production rates from Fe target are still not

very well known. The overestimation of the production rates




of neutron capture nuclides by Eberhardt et al. (1963) may

be due to either 3

(i) underestimation of (n, 4He) cross-section and
O | ;"T""'he"nC‘e“D'VQ'r"e‘s‘it‘i"matiDn of neutron production rataes, or
(%i)‘ underestimation of the lsakage of neutraons from

me teorites during the slowing down process, or

(iii) overestimation of resonance escape probability,

From aboveAdiscussion it is cglear that further studies
are required tosesettle the disagressment bestwesn the'calculated

and experimental depth profiles of 6000. However, it can be

observed that the loss of svaporation nguircﬁtf from

meteorites during slowing down process can be quite significant,
This observation is supported by the slow increase in 5DCO
broduotion with depth in the ngar surfabe rggions in Dha jala

chondrite (Figs.III,2),

From the above discussion the follouwing observations

can be made :

Te The observed production depth profile are lower than

the production rates given by Eberhardt et a1.(1963),

2. In general, the Eberhardt et al. (1963) curves predict
much higher production rates than observed in various

size chondrites.

3. The maximum production of 50¢cy occurs at depth of 30

cm in large ( ~ 100 cm) chondrites and at depth of 15

cm in large ( ~100 cm) carbonaceous chondrites.
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Thesevdepﬁhs correspond to the slowing down lengths

of evaporation neutrons in the appropriate media, and

4, The maximum production rate of 50c5 and hence the
flux of thermal neutrons is approximately the same
in carbonaceous chondrites as that in ordinary
chondrites of the same preatmospheric size, although
it occurs at different depths.

.

Slowing down density of neutrons in Dhajala @

The neutron capture cross-section of Co varies

from ~ 37 barns at 0.025 eV to~ 8 barns at 0.5 eV. The

1 dependence in this thermal eneragy

/ E

region. The cross-section decreases gradually from 8 barns

cross~section shows

at 0,5 eV to 5 barns at 100 eV. There is a very sharp
resonance at 132 eV energy with péak cross-section of 10
barns and the FWHM of 30 eV. Most of the 60co 1 produ ced
due to this resonance peak. The 0.5 eV-300 gV resonance

integral cross section for SgCo is 7744 barns (Fireman 1966 )

If ®n is the flux of epithermal neutrons, then the

production of 6DCD, pGD, is given by
pGD = @n O'n v NT f o e a0 (IU01D)
where On is the resonance integrated cross-section, sz,

v is the velocity of epithermal (130 eV) neutrons,

(em/sec) »
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NT is the concentration of target nuclide

SQCD étom/kg,

[ed]
.

1.

P is the production of SUCO per Kg per scc.

“and f is the density of the medium, kg/cm3.

The Co content of 0.073% by wt., and its atomic weight of
58.93 and Avogarda's number (6.023x1023 atoms/mole), give

1

N. = 7x10% atoms of SgCo/kg.

T
The velocity of epithermal neutrons of energy 132 eV is

3.Dx104 cm/sec and f = 13.5x‘10"3 for chondrites. WUe obtain
1

d_ = 1.4x10
s

. Peo neutrons/(cmz.secmdjrsr.)

and the slowing down density of neutrons intégrated over .

fhe energy interval of 0.5 eV-300 eV is given by

2

i

a, = @n. FE 5x10" Peg(for chondrite)
tot

19~ pSD (for carbonacecus chondrites)

il

ceeo(IV,11)

At the cenfer of Dhajala chondrite, the expected 60c,
production is 100 dpm/kg (i.e. 100 nuclides of 60c, per

kg per minute) giving the slowing down density of 0.084
(neﬁtrons/(oms.sec.). This value is a factor of two lower

than the slowing down density of Eberhardt et al.(1963).

The slowing density of neutrons at depth of 30 om in a 100
cm ordinary chaondrite and at 15 cm depth in 100 cm carbon--
aceous chondrites are approximately o 0.25 neutrons/(cm3.sec)

and ~ 0,50 neutrons/(cms.sec), respectively. The measured




560Co production of 11 dpm/kgr(co concentration = 430 ppm)

ar pfdducﬁion rate of 19 dpm/kg for Co concentration of

R

730 ppm) in St.Severin chondrite (Marti etval.1969) requires
the slowing down density calculated from above equation
IVe11 of D0.016 neutrans/(cmg. sec) which agrees very well

with the density calculated by Marti et al. (1969).

(4) 10g, depth profile and energy spectrum of nucleons

above 100 MgV,

The experimental 1089 production profile in Dha jala
‘\chondrite is described in Chapter-IIXI and shown in Fig.III.S.’
The calculated depth profile of this radionuclide based on
épeotral shape parameters (given in Table.IV.1) deduced

from 26A1 depth profile and the excitation functions described
below - is louer by a factor of 2.2 compared to the

observed values. JThus, the Reedy-Arnold model underéstimatﬁs

1089 production by a factor of 2.2 and the calculated shape

reproduces very well the observed depth variation of 10g,.

The 1.6=Myr half-1ife 105@ is produced in high energy

spallation reactions of GCR protons and their secondaries

160’ 24Mg, ZBSi,

(protons and neutrons) on target elements

5 5
6Fe, 8Ni and 60Ni in the decreasing order of their

importance. The main contribution to the total production

16 . .
comes fraom 0. The sources of reaction cross-sections used

163 target, Reedy and

in the present calculations are : For

Arnold (1972); for 24MQ at E < 1 GeV, Raisback and Yiou(1974)
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and E 51 GeV, Silberberg and Tsao (1973); for-zasi target,
Raiébeckiand Yiou‘(’!9-74)-"at E< 1 GeV and SilberbergAand

Tsao (1973) at E>1 GeV, For "CFg at E 220 GeV and at

UL nigus Perron (1975) and for Ni,Raisbeck et al,
(1975) at E “3 GeVU. The excitation function for 1059
production from SBNi +60Niand 56Fe are assumed to be
identical. The relative contribution from the varlous target‘

nuclides are as follows

Calcula ted

Target Nuclide contribution(®)
160 » 8242
24mg Be5
28g; 4.7
56 58 60

Fe+ "Nis+ "Ni 4.6

From the measured depth profile of 08s in 1unar

rocks and soil cores, Finkel (1972) and Kohl (1975) shouwed
that the Pendv-Arnold nroduction calculations are under-

estimated by a factor of about 3. This has bgen attributed

to the uncertainty in the excitation functions (Reedy and

Arnold 1972, Finkel 1971, Kohl 1975) of 10g, productian

from 100, The fact that the 1089 is produced by high

energy (5 100 MgV) particles and its productionsis
underestimated, indicates that the Reedy-Arnold calculations
have limitations in thq calculations of the high ens gy

products, The flux of 100-1000 MgV particles required is
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about 2.5 times higher than the flux calculated in.Reedy-
Arnoid model. The model assumes the spectral shape of
particles aboveL1DD MgV - given by the equation IV.1

which is a decreasing . function of E. This may not represent
~the true spectra of the nucleons in the‘free space and inside
the meteorite bodiese. The flux and spectrum of the particles

may be different in this energy rogion (100 MeV=1 GeV):

(5) Summary:

The experimental production depth profiles of various

radionuclides in a 50 cm body are determined. Based aon 26A1
depth profile the deduced spectral shape parameters reproduces
very well the depth variation of other radionuclides.

The 22

Na production shows excess activity over that calculatgd
and part of the excess is interpreted to be due to the |
modulation of the GCR fluxes in the interplanetary

medium during solar cycle 20, Fof this purposs the annual

GCR spectra have besn constructed from the available measurémantsi
of GCR fluxes by satpllites atn 1 AJU. and the annual mean GGR:
fluxes are oalghlated. The effect of this solar modulations

are estimated on Qarioué short lived nuclides. The solar

cycle 20 average GCR flux of 14930.1 protons/(cmz.sec.4 lisc)

is obtained, The °°Co depth profile in Dhajala (R.n 50 cm)

is in disagreement with the productian depth profile

calculations of Eberhardt et al. (1963) and the possible
cause of the discrepancy may be the loss of the neutrons from

meteorites before they are moderated.
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- The thermal neutfon.Fiuxes péék at .NSD cmvdepth in
100 cm radius chondrite énd at "15 cm depth in 100 cm
carbonaceous chondrite. The slowing down density of
0.5-300 eV epithermal ﬁeutrons in Dha jala vary from 0.005
neutrons/(oms.sec;) at depth of v 6 cm to 0.084 neutrons at
‘the center. The maximum slowing down density in "~ 100 cm \
chondrite is 0425 neutrons/(emz.sec.), and in ~ 100 cm
radius carbonaceous chondrite is 0.50 neutrons/(omz.sec.).

1059 profile in 50 cm body agrees with the calcoulatad

The
profile if it is raised by a factor of 2.2. This may be

due to underestimation of 100-1000 MeV nueleonic flux in

Reedy-Arnold model calculations.
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(B)V'The 26A1 Production rate in small (€§15 cm) Chondri tes:

5
From the experimental depth profile of 3Mn, Brattacharya

et al, (1980) deduced the depth profile of spectral shape
parameter in Madhipura (RE = 6.5 cm). Udaipur (9), Bansur (15)
and St.Severin (25) chondrites. These spectral shape para-

meters are shown in Fig.IV.1. Based on these ¢4 depth

profiles and appropriate 26A1 production excitation functions,
they calculated the %41 production profilss in the chondrites

mentioned above and compared with measurements in several
26

chondrites. Here, the Al has been measured in Madhipura,
Bansur and Udaipur meteorites. The comparison of the measured

and calculated activities is given below:

Expected Measured QGAi}measured
Meteorite 26Al(dpm/kg) 26Al(dpm/kg) G
[ Af]expected
Madhipura 44 42 3643 0.8240.08
¥
Udaipur 4442 3846, 0.86+0.14
Bansur 5642 4834 0.8640.08

From the above table it is seen that the 20A1 production

is ~ 15% less than the calculated production ratess From

the measured 2°A1 depth profile in lunar core, Kohl (1975)
showed that the Reedy-Arnold (15723 model calculations over
predict the 264 production by ~ 15%, which may be attributed

26Al production excitation

to the uncertainties in the
functions. It can be concluded that, in general, the
Reedy-Arnold production rate of ZSAl is overestimated by At 15%

for all size bodies by using the presently available

excitation functions.
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From the fact that the same set of  profiles based on

26y

'3.7‘My£-53Mn reproduce the depth profile of 0,72 Myr-
it can be said that the GCR intensity averaged over last
15 Myr is same as the flux averaged over last 3 Myr, even
though the presently accepted average flux of 1.7 protons
may not ' repfesgnt the absolute average flux.

(c) Cosmogenic Radionuclides and rare gases in Kirin

Chondrite @

et et e et e e et

Kirin is one of the largest chondrites with recovered
mass of 4 tons. Several laboratories have studied Kirin
samples for cosmogenic radionuclides, rare gases and
particle tracks. However, the sample locations in the
metearite is not well documented making it difficult to
relate the measured concentrations with depth. The
concentration of some radiocnuclides and rare gasés, vi z.

60 53 3

21Ne, Co, Mn, “He, measured in different samples shouw

large variation. As they do not seem to follow the eXxpected
pattern, Honda et al. (1980) have considered th;‘possibility
of multiple exposure of this meteorite to explain these
obsgrvation of cosmogenic nuclides. In their analysis they
that the depth variation of the production rates

26A1, SSMH and 54Mn are similar.

assumed
of 21Ne, 22Na,

We have measured 26Al, GDCU and 1059 in one 25 g

Kirin sample. Its exact location on parent fragments is not
available. In table IV.3 the available data on various
radionuclides, rare gases and tracks in other samples are

' 60

compiled, and tabulated in the decreasing order of Co

activity.
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_(i)' Prgatmospheric _size of the Kirin chondrites

The total recovered ﬁass of this chondrite is 4000
kg, the largest fragment meighing ~v 1700 kge. Because of the
thick population in Kirin district and the bright fireball
seen over a wide area, the recovery of the fragments is
nearly completes Although the preatmospheric velocity and
_angle of entry>are not known, the estimate of limits and
most probable value of preatmospheric size can be deduced
from Fig.VI.3 (Chapter-VI), where preatmospheric mass as &
function of surviving mass for various ehtry velocities is
plotted. The minimum preatmospheric velocity of 11.0 km/sec
gives thellomer 1imit on the preatmospheric mass of 5000 kgy
corresponding to the preatmospheric size of 75 cme If we
assume that the meteoriod had the most probable entry
velocity of 16 km/sec (Chapter-VI), the preatmospheric mass
would be 1433 Xx 104 kg and the corresponding size would be
100 cm. For still higher velocity of » 23 km/sec. the
meteorite would have ~ 99% of ablation putting upper limit
on size of "V 200 cm. In the following discussion uwe adopt
the most probable radius of 100 cm, although it is not

critical for the arguments presented belou.

(ii) Depth variation of cosmogenic nuclides °*

The data on cosmogenic nuclides measured in dif ferent
Kirin samples in various laboratories (Tahle IV,3) allow us

to make the following observations:
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(1)>,,The partiéle track density (Bourot;Denise.and
VPellas, 1981) correlate di.rectly with 89Co activity.

Since the track density decreases with increasing shielding
 depth, it is clear that the 6DCO decreases with shielding
depth. In a large (~ 100 cm) size body, the GDCO produotidn
is expected to increase initially (from nearly zero at the
surface) with shielding depth upto 30-40 cm and then
‘decrease with depth (Lingenfelter let al. 1972, Woolum

et al., 1975). From this observation it is clear ‘that the
Kirin samples analysed so far except our sample as will

be di%DUSSQd later, are from large (<g 20 cm) shielding

depths, and certainly not fram the region uwhere SDCO

increases with depthe.

(2) The concentration of 21Ne is directly correlated with

60c, agd decreases with the shielding depth. Since most of
e is produced from 24MQ in (n, “He) reaction (ET=2.8 Me V)

and °%co is produced in 59Co(n, y ) reaction in 132 gV

reasonance peak (Table I.1), the production of 60¢, and

21Ne can be expected to be correlated in presénce of higher

fast and thermal neutron fluxes at large shielding depths

as expected in a big body. This is further supported by the

observation that 21Ne varies by a factor of 3(=1.0/0.34)

similar to that for 60cq which varies by factor of 4.3(=230/53).
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The measured (_22Ne/21Ne)Sp values in Kirin range
between 1.06 and 1.,085. Since these measurcd ratios are
kéccurate to a 1%(1 ¢ error), weAcan’say-that the (22Ne/21Ne)sp
ratio i; nearly constant with depth., The average value of

neon ratio is 1.07. Such a value of Ne—ratio indicates
exposure at 20-60 cm of shielding depths in large body and
_rules out the possibility of much deeper exposure (for
significant fraction of its total exposure period) on a

_parent body (Chapter-V).

- (3) The activity of radiocnuclides and the concentration

of rare gases (listed in table IV,3) decrease with shielding

22Na, 26Al and S4Mn which remain relatively

depth, except for
constant., The production depth profiles of cosmogenic
nuclides in a 100 cm body are not known independently and

unfortunately there is no ordinary chondrite of this size

with which we can compares the productions observed in Kirin
esampless Although Allende meteoroite had almost similar
preatmosphoric size as that of kirin, because of its
carbonaceous nature the production of fast neutrons and
moderating power are high due to higher carbon and water

content than those of ordinary chondrites and it is not

suited for comparison. In the absence of a better case for
comparison, we compare the productions in Kirin meteorite

with those in Dhajala (H) chondrite which has the preatmospheric

radius of 50 cm and the highest SOCU activity mmasured is 83
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dpm/kg and the depth profiles of various radionuclides

YN | |
(2 Na, 1089, 26Al, 6DC'o) are measured (Present chapter).

This-comparison leads to the following observations.

The 22Na and 54MD production levels in Kirin are
simila£ to those in DOhajala chondrite but the 26Al activi ty
is much lower than that is Ohajala. from the measured depth
piofiles of 20Al and 22Na in Dhajala, it is found that the
production profiles of these louw ener gy (ETfua few MeV)
p:oducts flatten beyond 20 cm of depth. The Kirin data
suggests that a similar behaviour is exp;cted in é 100 cm
size body at 20 cm shielding depths; Both these ﬁeteorites
fell during solar minimum in 1976 separated in time by about
one month. So, the solar modulation effect in Dhajala and
Kirin should be about the same. The solar minimum effects on
22Na and'54Mn are caleculated to Ee 12% and 28% respectively
(Potdar and Bhandari 1979) and the residual excess of 15%
and 28% in Dha jala 22Na and 54MH activities have been attributed
to productions due to about 26% and 40% higher GCR fluxes
(above agerage GCR flux in ecliptic plane) at heliolatitudes
> 15° during 1975-76 and the preceeding 10 years,
respectively (Bhandari et ai. 1979). Since the heliocentric
orbit of Kirin is not known, the effects of these higher
fluxes cannot be calculatede. The solar minimum effect on

constant with depth. The average value is 4.1 and the range
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beihg'3.7 to 641 (witﬁ large error bars). The (22Na/26Al)
value in Dhajala at large shieldihg depths is 2.4, much

lowegr than that in Kirin.

(4) The °°mn activity varies by a factor of 1.6, Ths 53mn

activity in our sample has the highest value of 191

dpm/kg (Fe + % Ni) (Honda, personal communication), while

60c, activity is 10345 dpm/kg. The shielding depth of our

sample is not known in the absence of track density

measurements. However, from 53Mn and 6060 data, a reasonable

estimate of shielding depth can be made. In a large body,
SSMn production is expected to peak around 15 cm of shiglding
depth and since the SSMn production is highest im our sample,

the shielding depth of 15 cm is estimated for our sampls.

(5) The measured (ZGAI/SBMH) ratio in various amples range
between 0.20 to 0.28 and the average ratio is 0.24., The

26 53 s . . : . . ' .
(“°A1/ mn)sat ratio in Dhajala at large shielding depths is
similar and equal to 0.20. If we assume that relative
production rates of SSMn and 26Al are the same as those in
Dhajala chondrite, an upper limit on exposure age of 6.3 Myr

will be obtained, which is equal to the exposure age of

Dhajala Mgteorites.

(6) The '9Bg data in our sample having shielding depth
~ 15 cm, as discussed abave, is crucial since it is produced
by high energy nucleons (ETb 60 MeV). The (1088/26A19 activity

ratio in Kirin is 0.4740.06 and the measured activity ratia
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in low shielded Dhajala sahples is D.4Di0.06. if we assume the
production ratio‘ih Dhajala and Kirin to be the same, then the:
exposure age of Kirin would be about the same as that of
Dhajala chondrite. We adopt Kirin exposure age to be about
643 Myr, Exposure ages varying from 2,2 Myr to 2.8 Myr have
been obtained from 2 Ng contents, but since 2N g production
rate is not reliable, such estimates are fdlacious. Honda‘

et al. (1980) give 0.5 and 10 Myr exposure ages based on

their multiple eXxposure model.

(iii) Shielding Depths of Kirin Samples:

The lowest track dehsity measured in Kirin olivines

(Bourot-Denise and Pellas 1981) is 37 +16 tracks/omz.

244Pu and 238U fission contribution is

Rssuming that the
comparable to this lowest observed track density, the .

cosmogenic contribution to the track density in other

samples can be evaluated. Adopting an exposure age of 6.3

Myr the shielding depths of Kirin samples are deduced

(Table IV.4) using theoretical track production profiles
of Bhattacharya et al. (1973) and Ppyroxine/ Polivine =2.9.(*).
The depth profile of 2'Ne is plotted in Fig.IV.6. From

21Ne and track data in various samples, the depth profiles

EZMn, 26Al, 22Na and 54MH are reconstructed and

50y and °3Mn depth profiles

of 6UCD,
they are shown in Fig.IlV.6. The
below 20 cm are extrapolated té include our sample uwhose

deduced depth is ~15 cm. It should be noted that the deduced

depths are not very sensitive to the exposure age adopted here.

*Bagolia et al.(1980)
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'(iv) Average production rates at large shielding depths:

" Based on the depth profiles of various cosmogenic
nuclidesgtheir average production rates at large shielding
depths in a 100 cm meteorite can be calculated. The average

~ production rates of some nuclides are given below?

Nuclide Production Rate
1DBe 14 dpm/kg
21y, 0.12x10"% ccsTR/ g/Myr
264 4 24 dpm/kg
1 s
53 145 dpm/kg(Fe+3 Ni)

(v) Summary:

The available data indicate that the Kirin meteorite
had pfeatmospheric size of approximately 100 cm and
gexposure age of about 643 Myr, Ngutron effects on productions
of various cosmogenic nuclides are quite clsarly seen. The
systematics of production of various nuciides have been

determined.
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b(D) 26Al depth profile in Lunar Rocks and Ancient

Solar Flare Activity

(A) Introduction:

The energy spectrum of SCR protons at 1 A.U, is beéi‘r

described by a pouer law in rigidity and is gi;eniby
Js( > R) = 3_ Exp (~R/Ro) cev. (TV,12)

where Js{ > R) is the integral SCR proton flux with
rigidity > R MV,
Ro is the characteristic rigidity of the spectrum

and 30 is the normalising constant,

Js( > R) is expressed in units of protons/(cm2.sec.4 I st)
and Ro is mega-volts (MV), Js{ > 137 MV) fi.e. Js( >10 MBV)

and Ro are used to describe the SCR Spectra;

Although the energy spectrum of éCR particles of an
individual flare followus the form of equatien IV.12 in
rigidity, the flux and characteristic rigidity  (Ra) vary
from flare to flare (freier and Webber 1963). Flares of
high rigidity and high time integrated flux (fluence) are
very infretuQt énd also no flares with fluence greater thanrA
" 2x1D1G Protons/(cm2.4llsr) have bgen observed so far
(Reedy 1977) and there seems to be cut off at this value of
fluence (Lingenfelter and Hudson . 1980)V_Th9 time averaged
SCR flux is directly related to the sunspét activi ty and

hence to solar mechanism'of,energy and magnetic field

gengration.
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(B)  Estimated SCR fluxes in past :

There have been several attempts to measure experi-
ﬁﬁenﬁaliy the SCR fluxes both by dirsct and indirect methods;
A brief summary of the results are given in Table-IV.5. The
direct measurement on Solar Proton Monitor Ekperiment(SPME)
of Bostrom et al., (1967-1973) on IMP satellites covered

the period of solar cycle 20 peak sunspot activity. Among

the indirect methods, there are several attempts to deduce
the SCR fluxes by measuring the depth profiles of various
radionuclides and rare gases in lunar rocks and soil columns.
Radionuclides with half-lives varying from 77 days (°%co)

to 3.7x10% yrs (°%Mn) have been used to obtain the SCR

spectral parameters averaged over either the e Xposure age

of rocks or the three to five mean lives of the radionuclides.

From the table it is observed that the estimated SCR
spectral parameters Js( >137 MV) and Ro averaged over
different time spans show wide range of variation from
(Js,Ro) = (70,100) to (300,100) through (140,150) and that,
there is no systematic relation between the flux and the
time span of averagihg. While the millions of years time
averaged parameters (70,100) of Finkel et al.(1971), Kohl
et al.(1978) and Venkatesan et al., (1980) seems to be
similar to the present day fluxes given by(QD,SS) based
on SPME data (Bostrom et al.1967-1973), the flux derivad
from °H, "¢, BTke ang 251 (D'Amico ot al.1971, Bookl ot al.

1972, Begemann et al., 1970, Marti and Lugmair 1975,
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Bhandari et al. 1976) are higher by a factor of 2 tog 3

with Ro* 100 MV,

The SCR spectral parameter deduced from depth profiles
of various cosmogenic nuclides have inherent unceg tainty due
to uncertainties in (i) exposure age to SCR particles, knoun
as "Suntan" exposure age or "insolation" age, (ii) production
gxcitation functions, and (1ii) orosion rates. The non-
‘concordance of SCR fluxes derived so far may be attributed
to the uncertainties in erosion rates, wrong expogure ages and
erroneaus production rates. From the table it is seen that
only the rock 12002 has been studied extensively for various
radionuclide depth profiles and the next well studfed rocks

being 14321, 68815 and 61016. The 145 depth profile measure-

ment- of Boekl et al. (1972) in 12002 does not show the solar
wind implanted Tag in depth regionsg- 4 mm while in rock
12053, Bagemann et al. (1972) could clearly see the implanted
140. Howesver, the depth proFiles in deeper regions af the

both the rocks agreea with SCR parameters of (200,100). The
subsequent measurement of surface correlated 146 in_lunaf
soils by Fireman et al. (1975) cstablished the existence of
solar wind implanted T4c. The most probable explanation for
absence of implanted '4C in 12002 may be that the upper milli-
meter layer of this rock was lost during handling or the rock
was covered by a few mm thick layer of lunar regolith during

the last m104 yrs at least (Regedy, 1980), If this is true,
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then the SCR fluxes deduced based on depth profiles in this

‘rock are the lower limits on the actual fluxes.

The 81Kr-83Kr ages of the rock 12002, 14321 and 68815
may not represent their sunfan'exposure ages, since a
substéntial fraction of the stable Krypton (BSKr) is producsd:
in their previous irradiations in different shielding
conditions before the last excavation event in which these
rocks were brought to the lunar surface, or because‘é?
chipping of surface fragments ¢ 1 cm in size due ta
meteorite impacts) exposing underlying neuw sufféces. In
Table IV.6, we have tabulated various eXposure ages of some
lunar rocks, The 81Kr—83Kr ages of the boulders are higher
than 21Né ages, which in turn.are higher than track ages,
Generally track and crater ages are concordant, From the
Non~concordance of different sxposure ages, it is observed
that the boulders show multiple exposures within the top
a few meters of lunar regolith. In case of the parent
boulder of rock chips 69935 and 69955, at least four svents
at approximately 4, 2, 1,5 and 0.5 Myr period must have
taken place, as indicated by various eXposure ages given in
Table~IV.6 (Bhandari et al.1981a). From the observed °°Co
production of 80 dpm/kg.Co at depth of 350 c_q.c:m"'2 which
is comparable to the 100 dpm/kg.Co at 100 g.cm"2 me asured
by Wahlen et al. (1973) in lunar soil cores, the neutron
profile is flat with depth and this can produce quite
significant amount of Kr even at these large depths. The

GCR track exposure ages deduced from GCR VH nuclei track
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dgnsitieé in 1-2 cm depth regions of rocks (Bhandari et
al.1975) represent very well the Suntan exposure ages,
because, due to the characteristic steep depth gradient
of track production rate, theitracks accumulated during
previous irradiations are negligible. Bhattacharya and
Bhandari (1975) measured the track density profiles in

0-2 cm regions of several rocks and showed that rocks

61016, 64435 and 69955 had well defined plategau ages

(GCR ages) whereas rocks 12002 and 14321 did not have good
plateaus indicating that those rocks had multiplé exposures

at subdesimeter shielding depths. The energy spsctrum of

UH nuclei in energy regian of 50 té 500 MeV/amu deduced

by Bhandari et al. (1971) agrees fairly with those of

Crozaz and WYalker (1971) and Hutcheon et al. (1974 ). At

lower energy (<50 MeV/amu), there are disagreements,

because of erosion effects. The energy spectrum below 50
MeV/amu of Hutcheon et al. (1974) is based on track
profiles in surveyor glass and in rock 72315 with .a short
exposure age. At lower energy, the spectrum of Hutcheon

et al. and at higher energy the spesctrum of Bhéndari et al,
and Crozaz and Walker should represent the VH nuclei spectrum
in the interplanetary space at 1 A.U. The erosion rate deduced
by Bhandari et al. (1975) of ~d.5 mm/myf based on SCR VH nuclei
fluxes in 50-500 MeV region of Bhandari et al. (1971) and

in & 50 MgV of Hutchean et al. (1974), and the observed

track production depth profile in 61016,287 is in agreement
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“with 0.4-1 mm/Myr rates deduced For lunar rocks by Crozaz

et al. (1970), Price et al. (1967) and Lai gt al.(1969).

The micrometeorite erosion rate is a dominant process.
Fireman and DeFglice (1961) triod to explain the louw
exposure ages of chondrites compared to Iron Meteorites by
introducing effects of Space erosion due to micrometeorits
impacts which is dependent on the crushing strength of
meteorites. Geiss and Oeshger (1960) put forward the
argument that erosion due to micron size dust particles doigs
not depend on crushing strengths which uwas Subsequently

Supported by Heymann (1964) showing that in ign bombardment

experiments both stone and iron meteorites showed sams erosion

rates. Price et al. (1967) deduced erosion ratg of< 1 mm/Myr
based on track data in Patwar meteorite, which isg consistent
with that deduced by Lal et aj, (1963). If the srosion rates
of lunar rocks is assumed to be independent of crushing
strength and similar to that of meteorites (< 1 mm/Myr),

then the agreement of depth profiles of 26Al and 53mn in
12002, 14321 and 68815 (Kohl et al.1978) by introducing
variable erosion rates of 0.5, 2.2 and 1.1 mm/Myzr,

respectively seems to be an artifact,

(C) (i) 2°A1 dopth profile in 61016 ang 69935 and long-torm

averaged SCR paramoters :

The radionuclide 26Al is best suited for SCR studies
because its half-life (0.72 Myr) is of the order of exposure

ages (Suntan) of lunar rocks and hence the preirradiation
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effécts are negligiblé. The energy thrésﬁold fof produc tion

is (Ac10 MeV), thus beiné éensitive to large fraction of

SCR particles. Besides, it is produced abundantly in (p,pn)’
reaction of 27A1 which is quite abundant (5 - 18% by wt.)

in lunar samples. The excitation functions Df‘26Al productian
reactions from taréet~elements Mg, Al and Si are very wéll

known,

Bhandari et al. (1976) measured 2°A1 daepth profila

with high depth resolution by non-destructive PQ(VCOiHOidBHDB

spectrometry in 61016 and several other rocks. Based on suntan

exposure ages derived from GCR track densities_in 1=-2 om
depths from surface of rocks and the srosion ?§§95 derived
from solar VH nuclei track density profiles in 0-1 cm
regions they deduced 1.5 Myr averaged SCR parameters of
(14C120, 150420). In the present study we have carried out
radiochemical measurement of 26Al depth profile in rocks
61016 and in 69935 with bstter precision. Based on the

combined radiochemical and non-destructive measurement of ZSAl

wve have attempted to dsriVe the best fit SCR parameters.
These SCR parameters are used to calculate the expectad
depth ppofiles in rock 69935, and in lunar soil cores
15010/11 and 60009/10 and compared with the present
measurements in 69935 and those of Fruchter et al. (1981)

and Fruchter et al, (1976).
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In Fig.I1V.7, we have plotted both the radiochemically

determined and non-destructive Bty measurement of 26Al in

61016, The calculated total (SCR + GCR) 251 production
~depth profiles based on SCR flﬁx of (125,125) and (70,100)
and GCR flux of 1.7 proton/(cmz.sec.4 Isre>! GeV) and
Reedy-Arnold spectral shape Darametérs are plottéd. The
average chemical composition of various samples (Tablé—II-Q)
are used in these calculations. The calculated praduction
rates are corrected for the erosion rate of 0,5 mm/Myr,
suntan exposure age of 1.5 Myr and for exposure geometry
(zenith angle n =30°) following the work of Bha ttacharya

st als, (1972), In deducing best fit SCR parameters, higher
weightage is given to the radiochemically measured 26Al data

points. The effect of erosion is calculated using the equation.

.
. 1 , - t
p26(x) = ~§ p26(x + et)e” A26 dt | eeo(IV,13)

0

1
yhg?e pZGKX) _is the production depth profile in absence of

erosion at depth X, mm

P,.(X) is the production depth profile corrected for

26
erosiaon
€ is the erosion rate, mm/Myr
T is the suntan exposure age, Myr
and, A, is the decay constant of 26Al, Myr"1.

26
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The erosion correctidh is about 5% at surface and reducas
ﬁo zero below 5 g.u:m“2 depfh. The zenith angle correction
is 5% on the total (SCR + Gcé) production profile.. The
best fit SCR flux given by (3Js, Ro) = (125, 125) agreeé
with “®A1 data based on non-destructive BY counting within
the errors of measurement. It is to be noted that different
combinations of (Js, Ro) viz. (80,150) and (190,100) can
also fit the measured profile using variable erosion rates.
However, we adopt a flux given by (125, 125) uwhich is based
on an appropriate erosion rate of 0.5 mm/Myr. The flux
~combination of (Js, Ro) = (70,100) does not fi; with the fn1
profiles in this rock and other rocks and lunar soil

columns as discussed belouw,

(ii) 2%ag depth profile in 69935

In FigseIVe8, we have plotted radiochemical data on
two depth (viz. 141 and 5.5+2.5 mm) samples of rock chip
69935 (from top exposed portion). The calculated depth
profiles based on mean chemical coﬁposition (Table-1I1,9)
and SCR parameters (70,100) and (125,125) are-plotted for
comparison,. The correction for 0.5 mm/Myr eresion rate and
0.4 Myr suntén exposure age (Bhandari et al. 1975) and
exposure geomatry (zenith angle U:ZD”) are incorporated in
the calculated depth profiles. The fiux combination of
(Js, Ro) = (125,125) fitsthe daté very well while (70,100)

is much louwer than the observed values. The 81Kr-83Kr and
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21Ne'ages of this roﬁk are‘210.16 and 2.134+0.51 Myr
respectively (Peppin et al.1974) whereas the GCR track
exposure age is only 0.4 Myr -which represents the suntan

eXposure ages 'his age discrepancy may be attributed to

an event in which the surface chipping (thickness n a
few cms) ocourred about 0.4 Myr ago exposing the present

surface to SCR,

(i1i) 26Al in Apollo-16 Scoop Soil 67487,7 :

In Fig.IV.9, the non-destructive measurement of
26Al in the Apollo~16 scoop soil for average shielding
depth oﬁQZ-S g.cm‘f2 is plotted along with the expected
depth profile of “®41 in Moon based on the adopted chemical
composition of the soil (Table-II.9) and the SCR flux
given by (125,125), It is‘seen that the agreement betuween
the expected actiﬁity and the measured activity is quite
good supporting our above conclusion that the long-term
(v 3 Myr) averaged SCR flux is best represented by
(125,125). At least during last three million years,
there has been no regolith turn‘ouer upto a depfh of

& g.cmm2 due to micrometeorite impactse

In Fig.IV.10, we have compared the depth profile of
26Al in a long soil column 15010/11 measured by Fruchter
et al. (1981) with the ocalculated profile basad on the

SCR parameters (125,125), The measured profile is best
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represeﬁted by (125,125) rather than (7@,100). Fruchter

ét al;’(1981) have argued that thé observed 63% excess

2651 activity in 0-16 g.c:m"2 depth of this core over

expected activity based on (70,100) is due to slumping of

soil Ffom Hadle Rille. Similar arguments like accretion of
surface material during lunar regolith gardening are advanced
by Nishiizumi and Arnold (1981) to explain their observed

8 XCess 53Mn activity in 0-10 g.cm”2 of core 60010 over the

expected activity based on (70,100). Soil slumping rate of

7 g/(cmZ.Myr) and acretion rate of 0.2 g/(cmz.myr) are -
required for 15010 and 60010 cores. The calculated ZEAl
depth profile based on (125,125) when compared uwith the 26Al
depth profile in 60010 measured by Ffruchter et al. (1976)
show a goqd agreement with calculated profile given by

(Js, Ro) = (125,125). The top 3 to 4 gac:m-2 of flat sectian
.in 26Al and SSMn depth profiles may be explained by mixing
due to micrometeorite impacts. The mixin_ rates of v

1 g.cmmz.myr'_1 in 15010 and in 60010 cores in lunar rggolith
gmerdening due to micrometeorite impac ts are consistent with
the fluxes deduced by Horz et al (1975). This compari son thus
indicates that the regolith gardeningrhas.been responsible
for flattening of the depth profile and the effects of soil

slumping and accretion are negligible/or unimportant,
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The Al depth proflles is rocks 61016 69935 and in
soil cores 15010/11 and 60010, show that the long-term
(0.4-1.5 Myr to 10 Myr) averaged SCR flux is best

represented by (Js, Ro) = (125,125),

(D)  Ancient Solar Flarg Activity :

The long-term averaged SCR proton flu# and spectrum
given Ey (3s, Ro) = (125, 125) is higher than the so lar
cycle 20 flux given by (90,85) based on data of Wgbber
(1966), Kihg (1979), Kinsley (1969), Blake et al.‘(1969)
and SPME (Bostrom et al. 1967-73). These data have been
discussed in detail by Reedy (1977). The sunspot activity
of cycle 20 is similar to the average ;F last 20 cycles
since 1950 (Waldmeir, 1961) and can be taken to be
representativeg cycle for the present day solar activity.
The salar cycle 19 was the most active period of sunspot.

tivit ith R = a = 0
activity with Z,max = 210 compared to szmax 110 for

y

cycle 20 which is equal teo the average sunspot number Qgep
the last 20 cycles (2 100). The SCR flux aVeragéd over
cycle 19 was (378, 100-130) deduced from data of Webber
(1966), Weddell and Haffner (1966), Modisettee et al.(1965)
and was a factor of 4-5 times higher than the flux during
the cycle 20 and average flux during last 230 yrs. If this
correlation betuween the maximum sunspot number and average

SCR fluxes is real, then it can be said that occassionally

the solar sunspot activity goes through a cycle such as
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cycle 1§ during which‘a‘fem'gaint.solarvflares.of fluence
S 2£1O1Dprotons/§m2'and,of high regidity (100-150 MV) are
produced and these flare particles dominate the interplanetéry
medium which are responsiblé for observed activities of

long and short half-life radionuclides in lunar samples.
Contrary to this type of behaviour, there are indirect
cvidences that periodically our sun Qgoes through low and high
sunspot activity such as Maunder minimum, (1645-1715 A.DL),

Sporer minimum (1450-~1550 A.D.), Wolf minimum (1282-1342 A.D.)

preceeded by with grand maximum of sunspot activity (Eddy,1976)'

The SCR activity is expected to be almost zero during the
minima. The Maundar, Sporer and Wolf minima represent

periods 0% 236 ysars of past 7DD'years.~During the maxima
following such minima several giant solar flares of fluegnce

N 2x1010 occur during some solar cycles. If all periodicities
in ﬁhe earth's climatic variation are attributed to thé solar
activity variations, then the well observed periodiciti%s i
(Mitchell, 1976) in earth's climate at 100-400, 2500, Z&Qigﬁ.
and 105 yrs do suggest enhances of solar flare activity with
above periodicities. The periods of 100-400 yrs agree with

1

recent Maunder, Sporer and Wolf minimas. If a feuw largest

10 2 . 4 4
flares of 2x10 protons/cm® fluence occur with 2x10°, 4x10
and 105 yr time spans, one can account for the higher average
SCR flux given by (125, 125) over 0.4 to 1.5 My than (90,85)

observed during average sunspot activity period. The

periodicity of 3x108 yr $een in the earth's climatic variatio
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(Mitchel, 19%6) can be attributed to sudden mixing of e
in solar core leading to sudden change in solar luminosity
and neutrino flux (Ezer and Cameron 1972). Zook (1980) has
evaluated critically the crafers and track production rates
used'sd far and from 140, 59Ni (Lanzrotti et al. 1973 Yand T.L.
data (Hoyt et al,1973) in lunar samples has tried to shou

that if the results obtained so far are correctly inter-

preted then the data show that solar activity was ~ 35 times

higher than the present day activity about 2><1D4 YIS agoe .

In summar, it can be said that the solar activity has
periodicities of several time-scales and the SCR particles
from a few giant flares occurring at 400-400, 2500, 2x104,

4 x 10% and 10°% yrs dominate the interplanetary medium.
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(E) GCR produced zsﬂl in boulder chip 69955 and Luna-24
‘Gore soil 24087,1 ,

i) Irradiation history of parent boulder of 69935 & 69955

In deriving the SCR parameters, based on 26Al profiles
in rocks and soil columns, the contribution due to GCR
particles is calculated based on long-term average GCR flux of
17 protons/(cmz.sec. 40 sr.» 1 GeV) and Reedy-Arnold (1972)
spectral shape parameters. It was shown by Reedy and Arnold |
(1972) and Kohl (1975) that the model GCR calculations agree
with the measured depth variation in lunar rocks and soils.
The =::.8GR 27- flux deduced from 2°A1 depth profiles will be
éffected by the preirradiaﬁ;on, if any, the sample had within
about last three milliaon ye;rs. Such samples are not suitable
for SCR studises. Hers, we have measursd.QsAl»adtivity in a
degp shielded rock sample from the same parent boulder of

sample 69935, in which we have measured 2°A1l depth profile.

The exposure age of the parent boulder based on
8289z, 2o are given in Table-IV.6 (Drozd et al. 1974),
From ths non-concordant Kr and Ne exposure ages, it is seen
that the parent boulder had preirradition effects in Kr and

Ne isotopes.

Based on the rare gas isotope concentrations, the size
of the boulder ( . 60 cm) and the track density measurements
Drozd et al, (1974) have described the irradiation history

of this boulder. According to their model,about 2 Myr ago,
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when the south ray oratef was formed, this boulder uwas
e xcavated from deep shielded‘condition fo.the lunér top
surface and during this proéess the boulder was turned
through 180°. The shielding depth during previous irradiation
of rook chip 69956 uas about 180 g.om™2 below the lunar top
surfaces, Thus effectively, the rock sample 69955 has been

g Xposed té cosmic rays at shielding depth of 180 g.cm-z
during the preirradiation and during last a 2 million years
and the sample 69935 was shielded at a depth of 360 g.c:m"2

bafore 2 Myr,

The production rate of 2681 in this sample with shielding
depth of 180 g.cm"2 calculated based oaneedy—Arnold model is
60 dpm/kg which agrees with the measured activity of
68+21 dpm/kg., The above discussions indicates that tHe
pre—irradiation’effects on 26Al in the sample 69935,14 are
insignificant and the fact that the SCR flux derived from
the 26a1 depth profile in 69935,14 agrees with those deduced
from 2PAl and other radionuclide depth profiles in lunar
rocks and soil columns, establishes that the SCR activity
is best represenfed by (JS, RO) = (125,125),

(ii) Shielding depth of 24087,1 Soil 3

The nature of soil column and the uncertainty
~invaolved in the assignment of the depths to the luna-24
core samples are discussed in Chapter II. The non-destructive
Bty measurement of total F* activity due fo ZGAl an d 22Na |

in one soil layer 24087,1 are given in Table II.12.
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Alﬁhough, the counting error is large because of small
ahouﬁt‘(162 mg) of soil sample available, still it allouws
us to estimate roughly the irradiation depth of the sample
on the Moon. In Fig.IVe11, the expected (2PA14%22Na) activity
depth profile based on the adopted chemical composition af
the mére soil and the Reedy and Arnold modél calculations
is shown. The effect of GCR modulation during salar cycle
20 on 22Na.produotion is estimated using the deduced GCR
fluxes during all the years &f solar cycle 20 (Potdar and
Bhandari, 1979) and the activity is equivalent to‘the
production due to a GCR flux of 2 protons/(sm2.sec.4 I sr.
1 GeV). The measured total activity is shown in the figure

Ivet1,

From the figure it is seen that the activity of 57245
dpm/kg in 24087,1 corresponds to a shislding depth of
>53 g.cm-z. The density of core soils vary betuween 1.4 to
147 g.c:m"3 (Apollo-16 preliminary science report). Taking an
average density of 1.55 g.cm-z, we obtain the Shielaiﬂg depth
of the sample of >35 cm.
The actual depth of the sample 24087,1 from the top of

the core tube is 86 to 87 cm. The tube was empty upto a

depth of 47 cm and it was scantily filled upto 58 cm. Fram

58--om- to--7-3 -cm~of- the core tube, according to Barsukov et al.

(1977), contained only coarse grains. Bogard and Hirsch (1977 )

have discussed the problem of real sample depths of the Maon.
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The following thres possibilities have been suggested to
explain the smaller recovered core length (140 cm) compared

to the 223 cm of depth of penetration; viz.

(i) shortening due to compaction, (ii) Expansion due to
large core diameter compared to that of drill bit, or

(iii) incomplete sampling.

Unlike the case of rare gases, the pre-irradiation

26A 26Al_measurement

effects are absent in case of 1. The
can be used to determine the actual sampleydepth on the

moon, with the help of 2 suitable model for calcuiation af
depth profile, such as Regedy and Arnold (1972) model. If

the level of 58 cm is assigned to the lunar surface, then

our results indicate that some part of the soil was not
contained in the core tube. Furthermore, as discussed by

Bogard and Hirsch (1977), if the coie was not taken vertically,

but at an angle of 30° our results indicate a loes of upper

10 cm of core material.,.




CHAPTER=V

cosmoGENTIC 2TNe AND 22Ne PRODUCTION DEPTH PROFILES IN
CHONDRITES

A. INTRODUCTION:

Interaction of cosmic rays with meteorites in spécs
produces several stable and radiocactive isotopes, OFf these,
21Ng is produced so daminantly that 21N 4 cantent can dxrectly\
be used to estimate its cosmic ray gxposure in 1nterplangtary
space. To obtain the exposurs age, one needs thg production
rate whiéh depends on cosmic ray flux, shielding depth, size
and shape of the meteordid and finally, on its chemical
composition. The cosmogenic 3He was first measured in
meteorites by ﬁaneth et al. (1953). Since then a number of
di fferent methods have been used to calculate productian
rates of 3He, 21Ne and other rare gas isotopes. The rgsults
of various calculation are summarised in Tabls V;1. From’
the studies of the several rare gas isotobes in 30 meteorites,
Eberhardt et a1, (1966) shﬁwad that, if SHB production rate
is assumed to be co&stant with depth, the 21Ne productian
rate, P(21Ne), generally increases and (22Ne/21Ne)sp decreases
with depth. Later, Herzog and Anders (1971) used 2°A1 and |
21Ne pair in 14 short exposure age meteoritss (i.e. the
meteorites with unsaturated 26Al activity) to obtain (921Ne).
The production rates thus obtained wera 25% higher than
;he production rates basesd on (3He/21Ne) me asur emen ts

Kiréten et al. (1963). The measurements in St.Ssverin

(Schultz and Signer. 1976) and Keyes (Uright et al.1973)
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chondrites agreed with the results of Eberhardt et al. (1966).

Subsequently Cressy and Bbgard (1976) suggested the use of

22 21 s . . . ‘

( Ne/ Ne)sp ratio to calculate shielding correction to

H

p(21Ne) at any depth., The shielding correction included thg
effects of variation in chemical composition., From the
measured (21Ne)m and P(?"Ng) calculated for the corresponding

22,21 . : i
(““Ngy Ne)S y one could obtain the cosmic ray exposure age .

of chondriEes.

The recent work an 21Ne production rate of Nishiizumi

et al. (1980) based on the various exposure ages viz. 2CA1,

81Kr—SZKr, 53Mn, 22Na—22Ne, of several chondrites have given

discondant production rates, and their production rate based

on zGAl is higher than those based on 53n and 81Kr—83Kr

ages. lhe work of Mdller =t al. (1981) has given production

rate ih agreement with those of Nishiizumi et al. (1980).

Depth profiles of P(%'Ng) and(22N8/21Ne)Sp depend
sensitively on R. (the effective preatmospheric radius) of
the meteorids. In the all works cited above, this effect
is not investigated. The empirical curves of P(2MWe) vs.
(22Ne/21Ne)sp of Eberhardt et al. (1966) and those of Cressy
and Bogard (1976) are being used to obtain exposure ages of

meteorites irrespective of their sizes.

As already discussed in Chapter-IV, Reedy and Arnold (1972)
developed a semi-empirical model for calculating the production
depth profile of some radionuclides in the moon in GCR and SCR

interactions, These calculations have shown reasonable
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agreemsnf with the measured depth pfbfiles of soﬁe radi o=
nuclides in lunar rocks and sqil COTres. These calculations,
energy spectrum of nucleons as a Functioh of depth within a
me teoroid which is difficult to calculate from the intra-
nuclear evaporation - cascade théory of development of
secondary nucleons. Applying this method to meteorites,
Bhandari et ale. (1979) calculated the spectral shape para-=
meters for various size chondrites based on 22) 4 depth
profiles of Trivedi and Goel (1969). Reedy et al.(1979)
calculated tHe depth profiles of 21Ne and 22Ne produ ction
rates in St,Severin and Keyes chondrits, which agreed miﬁb__
the measured profiles within ~ 30%., Recently, Bhattacharya
et al, §1980) have experimentally deduced ¢ depth profiles
for small chondrites (RE < 25 cm) based on measured 53y
depth profiles. These values of « are significantly différent
fram those of Réedy'et al. (1979) which were based an
semi~empirical considerations. These experimentally-deduged“
K ~depth profil%s’are used here for calculating the depth

and size dependence of production rates of 2"Ne and “%Ne.

B. CALCULATION OF DEPTH PROFILES OF P(°'Ng) aND (2ZNe/?TNg) .
IN CHONDRITES : '

The production of cosmogenic nuclides in meteorites and
lunar samples is due to two distinct saurces. The SCR protons
are mainly responsible for significant production at depths

less than 10 g, cm-"2 whereas the GCR protons and their

secondaries dominate the productions in deeper regions.
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I, GCR Production :

The GCR contribution is CalculatedAfolleihg the
procedure of Reedy and Arnold (1972).
The Reedy-Arnold model requires a priori knouwl edge

of the following parameters :

(i) The primary cosmic ray flux during theg exposure

of meteoroid in the interplanetary space.

As discussed in Chapter-IV, the annual flux of GCR
proton (E >1 GeV) at 1 A,U. during solar cycle 20 varigd
between 1.32 and 2.36 protons/(cm2.sec.4 I sr) léading to
an average GCR proton flux over solar cycle 20 df 1.9+0.1

protons/(cmz.sec.4n sr.) (Potdar and Bhandari 1979).

However, here we adopt a valté~of 1.7 protons/(cm%.sec.4 T sp)

as the average over a few million years period (Reedy and

Arnold. 1972).

(ii) The spectral Shape Parame ter (o)

The spectral shape parameter as a function of depthé@un

(Madhipura chondrite), 9 cm (Udaipur chondrite), 15 om

(Bansur chondrite) and 25 cm (St. Severin chondrite) were
taken from Bhattacharya et al., (1980) which were obtained
from measured 53Mn depth profiles in these chondrites. In
obtaining these ¢ values, the excitation Function for the

following nuclear reactions:

56Fe(n,x)SSMn

and SEFB(p,x)SSMn
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53

: : .. B5.
were taken from Gensho et al. (1977). The Mn to Min

contribution was estimatéd to be m1%.! The o depth profile
for a meteoroid of size RE ~50 cm (Dhajéla chondrite) uwas
obtained from the “CAl depth profile determingd in the
present work‘(Chaptar—IU). For @2 large size (> 5m) (moon
size) meteoroid the Reedy-ﬂrnold a depth profile més usede
Reedy-Arnold o values and their adopted SEFG(H,X)SSMH
excitation function undersstimate 53Mn in Apollo-15 core
by abgut 33%. It was found that Gensho et al. excitatian
function and Reedy-Arnold & values correctly reproduce

SSMH depth profile in Apollo-15 core sample obtained by
Kohl (1975), and hence we have used excitation function of
Gensho et al. throughout the energy region of interest.
22

21N Na

The production cross-sections of e, 22Ne and
from targets Mg, Al, Si and Na were taken from Walton (1974),
Walton et al. (1976), Tobailem (1977), Bieri and Rutsch

(1962) and Goebel st al. (1964).

The production cross-section due to neutrons and
protoﬁs are different at low energies, so that strictly
one should consider relative fluxes and spectra of neutrons
and protons and corresponding cross-sesctions. However, in
view of uncertainties involved in the estimation of their
relative fluxes and‘the ~scarcity of neutron cross-section
data, the flux of all nucleons are considered together and
Wwe use neutron induced reaction cross-sections at low

eNergies and proton induced reaction cross-sections at high
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energies. ‘The eXcitaﬁion functions for variggsfreéégions
are shouwn in Fig.V.J(a,E,c). HSince the crdss—sebtioﬁsihave
not been measured throUghout.the energy regions of interest,
some interpolations and extrapolations have been made, within
the errors of cross section measurements, to reproduce the
(22Ne/21Ne)Sp and P(ZqNa) profiles in St,Severin amphoterite
(LL chondrite) as precisely as possible. The St.Severin was

taken as standard hecause?

(i) precise measurement of rare gas depth profiles have been
made in a core taken radially through it (Schultz and

5igner, 1976).

(ii) the exposure age 2s obtained by various me thods including
81Kr-83Kr me thod, cluster around 11 Myr (Range 10.8 Myr

to 13,0 Myr), (Marti et al. 1969), and

(iii) its preatmospheric size (RE=25 cm) and shape are knoun
well from extensive particle track studies (Bhandari

et al. 1980).

It should be noted that 21y is predominatly produced
in 24Mg(n,4He), and 2?Ne in 25mg(n,4He) reactions as well
as from insitu decay of 22pN,, The contributions due to Ca,
Fe etc are estimated to be iny 3% (Reedy et al.1979).
Table-V.2 gives tﬁe typical pfoddction rates in different

target elements for RE - 645, 25 and 50 cm.




-147 =

11, GSCR Production:

Long-term average SCR flux at 1 A.U. is given by
3, = 125 protons/(cmz.sec.4 I sr) and RD=125 mv (Chapter—IV).
At meteorite aphetion distances ( a3-4 AJU.), the solar
fluxes are expected to be lower than those at 1 A.U.  Lal
and Marti (1977) have mentioned that the Ne production in
near surface regions of St.Sayerin (X n~n4-8 g.cm“z) require
‘higher fluxes of low energy protons, but whether this excess
flux is entirely of solar or galactic origin(due to less
solar modulation) is not very clear. Consi dering the entire
production to be due tao SCR particles, they find that a
flux of J_ = 70 protons/(cmz.secf4 Isr) and R_ = 100 mv
will be required under the assumption of no gas loss to
match the observations. For the sake of discussions Ue

present here calculations for JS = 110 protons/(om2.590.4 lsr)

and Ro = 100 MV,
(C) RESULTS:

The calculated production depth profilesof 2Mg and
224,21 : .
(““Ne/ Ne)Sp are shown in Fig.V.2, 3 and 4 for H, L, LL
group chondrites of various sizes. It is seen that p(2MNe)
depth profile is more sensitive to JG and o values as
compared to (22Ne'/21Ne)Sp depth profiles. The experimental
data in San Juan Capistrano (Finkel et al. 1976) and Keyes
(Wright et 21.1973) chondrites are shouwn and compared

with the calculated profiles.
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The‘BXsture ages of these chondrites based an different

38 BqumBSK

Ar and. r, differ substantially.

methods 1ike SHe,
The differences are not clearly understood and may be due to

uncertainties in their production rates, degassing and

multiple stage exposures to cosmic rays. Since there is no

gvidence of SHe loss in these chondrites and it may represent

production during final stage of exposure history, we use here

3He exposure ages for comparing the experimental data with
the calculations. The 3He exposure ages of San Juan Capistrano
and Keyes are 19 and 21 Myr and the preatmospherib radii are

approximately 8 and 30 cm, respectively.

I. Production due to GCR:

As the ¢ values obtained for meteorites are from the
measured radionuclide depth profiles,the SCR and GCR contri-
butions cannot be resolved. Thus, the production rates 4n
depth < 20 g.cm"2 given in fig.V.2, 3 and 4 are composite
of both the SCR and GCR contributions. These calculations
have uncertainties inherent in (1) long—ﬁerm cosmic ray
intensity, (2) excitation functions and (3) the departure
from sphericity of meteorites. In the present calculations
we have tried to minimise the above uncertainties in the
following way. Ug use o profiles dervied from the measured
53Mn profiles in various meteorites and the same GCR flux
(35 = 1.7 prDtOﬂS/(szvSBC-4 I sr.), Since the production
rates depend on the combination of J. andg :. the uncertanty

mentioned in (1) above is thus, minimised. Only if, the
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primary GCR flux were:diffe;ent about 5 NMyr ago, such
vériaﬁion will introduCB the error‘in the production rates
in meteorids with long exposure ages. The uncertainty due
to departure from sphericity decreases.mith increasing
shielding depth and it is important only when shallouw
depths are considered. In the preéent calculations, since
the emphasis is laid on measurements in the near central
or deep shielded ( > 15 g.cm™2)samples, the error due to

non-spherical geometry is minimised.

The dependence of production rate of an indi&idual
nucliée due to uncertainties in the excitation function
could be significant. This uncertainty is reduced by
adjusting excitation fu%ctions within the permissible
limits of errors of cross-section measurements, so that
the (22Ne/2qNa)sp and P(21Ne) in St.Segverin chondrite are
reproduced very well., Since the calculations agree uwith
the measurements in several chondrites, it is clear that
the relative production rates for sizes and depths given

here are reasonably accurate (Bhandari et al. 1980a).

The following observations can be made regarding the

GCR profiles:

1. The calculated depth profiles are guite sensitive to
the size of the meteoroids. The production rate increasess
with depth for size of upto 25 cm, and in large size meteo~
roids, the production rate initially increases upto depth

of 15-20 cm and then decreases (Fig.V.2 and 3). The
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2 . .
calculated P(“1Ne) depth profiles are consistent with the

measured profiles (within ~10%) for various size me teoritgs

ranging from RE = 8 cm (San Juan Capistrano) to RE,\J 100 cm
(Kirin). The (22Ne/21Ne)sp profiles show agreement with
measured profiles within about 2%, which is quite satié-

factory in view of oncertainties in the shapes of the

me teoroids.

2. It is clear that the P(21Ne) is not a simple function
of (22Ne/21Ne)Sp as has been sassumed by Eberhardt

et al. (1965) and Cressy and Bogard (1976), in their
procedure for ocalculating the meteoroid exposure ages
wherein the shinlding factors are calculated from the
measured spallation neon ratios. 1IN Fig.V.5 these corre=-
lation curves of P(Zqu) vs. Ng spallation ratio for
different preatmospheric sizes are plotted along with the
empirical surves of Eberhardt et al. and Cressy and Bogard.
The agreement between our calculated curves and the empirical
;urve of Eberhardt et al. (1966) is good for size range of
6.5 cm to 25 cm, but for large meteoroids (RE > 25 cm),
there is marked disagreement. The measured value of spal-
lation neon ratio 1.07 (Heusser'et al. 1979, Begemann st al.
1980 ) in Kirin (R. ~ 100 cm) which is similar to that in

Dha jala (RE ~ 50 cm) and Keyes (RE ~n 30 cm), further support
our conclusion that the (22Ne/21Ne)spdoes not decrease much

with size (for Rg > 25 and depth > 30 cm).
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II. Production due to SCR :

For calculating 21Ne and 22Ne.production depth profiles
in chondrites we have chosen the SCR flux given by (JS, RD)=
(110,100), as discussed previously. The SCR production

. 21 22 5 . .
profiles of Ne and Ng for RE = 295 cm are shown in Fig.
Ve6(a) and the total (SCR+GCR) production depth profiles
of spallation neon ratio are shown in Fig.ﬁ(b) for meteorites
of various preatmospheric sizes. In Fig.6(b) the measured

22, 21 : . X . -

(““Ng/ Ne)Sp depth profiles in shallow regions of °t.
Severin meteorite due to Lal and Marti (1977) are plotted
which seem to fit well with SCR parame ters (JS, RD)=(4D,1OD),'
if the GCR flux of 1.7 protons/(cmz.sec.4 Tsr, > 1 GeV) is
assumed to be the same even at the meteorite aphelion

distancess This is the upper limit on SCR flux at meteoroid

aphelion distancese.

However, in shallow depth regions one cannat rule out
the possibility of gas loss due to heating during ablatiaon.
From the analysis of rare gas data and cosmogenic particle
track data it appears that the solar contribution is

. . 22y 21y .
responsible for the observed high ( e/ e)sp in small
meteorites like Narellan and Gopalpur having preatmospheric

masses of 1.5 and 10 kg, respectively (Bhandari et al.1980).
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(D) TRACK PRODUCTION RATE - (22Ne/21Ne)sp CORRELATI ON

AND PARENT BODY EXPOSURE OF CHONDRITES:

It was pointed out by Bﬁandari et al. (1980) that TPNM
(Track Productiqn rate expressed invtraCRS/dmz.Myr) and
(22Ns/21N9)sp are qorrslatad for different size meteoroids.
The Spal;ation negon raéio vses IPM corrslation cur ves basgd’
én the production profiles caléulatad in the present work
and TPM profiles of Bhattacharya gt al.(19738&)are given in
FigeVue7. The curve for RE =.1U and 25 om agree'clossly
with the curves predicted by Bhandari et al. (1980) and
the present calculations support the view, expressed
therein, that TPM—(22N9/21Ne)sp values in interior sample
of small bodieé (RE=6~25 cm) are sufficient to determine
the preatmospheric size of meteorites. Howsver, for large
bodies‘(RE > 25 cm ) the curves cluster together and
overlap so that it is not possible to distinguish meteorites
of different preatmospheric sizes. The present calculations
are in agreement with ,measurementé in Dhajalau,(RE A 50 ¢cm)
chondrite (Gopalan et al.1977) and Kirin (RE m1DU‘Cm)
chondrite (Heusser et al.1979) and in many other meteorites
(Bhandari et al.1980a). The calculations also indicate that
the forbidden zone of a éingle stage cosmic ray exposure
extends besyond the regions indicated by Bhandari et al
(1980). This extended forbidden zone is indicated as

zone of parent body exposurs in Fig.V.7.



*(pgelitTe 3°® Tiepueyg BuTImoOTTOJ umoys 8aIe mco;.”m:m\g\cmuugm,om

. - ¥ . ;
*yweabeTp UOT3BISJIO0D aummzm‘m\mzmmw esn 83ea uoTgonpoxd yoexy L*pA°DTd

AL

NOILY Y3 T
AQOY 1 Nayvg

40 FNoZ

v.

0

O
(1AN Zw/SHOVHL) WL

Q

Ol



-159

If we bonsier_nearly 50 meteorites with aliquot samples
analysed for rare gas ;onténts and cosmogenic particle tracks
(Bhandari et 21.1980), we find that there are several
chondrites which fall in this extended forbidden zone (or
in the zone of parent body exposure, as indicated in Fig.V.7)
of the TPm_(22N9/21Ne)Sp correlation diagram. The chondrites
with meésured neon isotopic ratio less than thét expected for
the shielding depth and size are also the ones with multiple
cosmic ray exposure history. Ning such chondrites have lower
(22Ne/21Ne)s values than expected and are the definite cases
- of pre-irradiation. These are listed in Table V.3, together
with the tracks and rare gas data. Since (22Ne/21Ne)Sp is
independent of the exposure age and its measurements are
precise within 1%, the discrepancy between the calculated
and measured values seems to be real. Based on the calculations
presented in this work only a deep shielded exposure can
result in iower heom ratios than the expected. Two possible

geometries of deep shielded exposure can be visualised:

(i) exposure in Asteroidal regolith, and
(ii) exposure as a part of a large body (parent body ), which
p

undergoes collisional fragmentation in space.

In general, both these processes must be occurring
frequently and the meteoroids are subjected to multiple
exposure %o cosmic rays, as pointed out by WUethemill (1979).
EXperimentally? they can be resolved only if two exposures

produce comparable amounts of spallation neon but sifnificantly
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different track densities. Since the track production rate
(TPM) decreases s£§epiy with the shielding depth, the track
densitiee -aquired during parent body irradiation per iod

will, in general, be orders o% magnitude smaller than that
aquired during the last exposure period. Therefore, the

TPM value will correspond to the‘final siie of the metesoroide
Rare gas production rate and spallation neon rati o,on the
other hand, decrease slowly with depth and hence, in case

of multiple exposurss, the data points will lie to the

left of the predicted curves.

(E) CALCULATION OF MODEL AGES:

Under some plausible assumptions of shielding depth
during parent body exposure, it is possible to calculate
the cosmic ray exposure period -in the parent body prior
to the fragmentation, from the measured (22Ne/21Ne)Sp by

using two stage irradiation model,

T ForTa meteorite With complex exposure history
(2 stages of irradiation), we can write the following two

equationss

= L RN BN 4 \j.
T =T, + T, X Pg (V. 1)
where T2 = me teoroid exposure age as a small boedy, Myr.
T1 = parent body exposure age, Myr.
T = exposure age if the meteoroid had simple

exposure history with P(21Ne) equal to

P(*Me)
2
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and  Pp = P(21NB)T / ?(ZTNB)T , i.e. the ratio of 21Ne
1 -2 '

produc tion during time T1 to that during time 72,

2 R —B—.—-—--]-R s s 00 (UDZ)

i

where Rm measured (22Ne/21Ne)Sp

-
1]

Spallation neon ratio during T1q

[
2
o
-0
it

Spallation neon ratio during T2

If depth of irradiation on the parent body is knouwn
or assumed to be abaut 100 cm (PR = 0.15), then R, and R,
from Fig.V.2, 3, 4 can yield the valuass of T1
and TZ' These estimates are given in Table U.S.

As mentioned earlier, R1 and R, are quite insensitive
to @ value and hence ,the departure of the measured
(zzﬂe/que)Sp from expected (22Ne/21Ne)Sp cannot be just
explained by the choice of parameters used in the calculatiaons.,
Thus, a complex irradiation seems to be the only plausible
Qay in which such low ratios can arise. Alth ough, in the
above calculations we have assumed the irradiation depth
in the parent body to be 100 cm, it is possible to deduce
the actual shielding depth if additional measurements of
a long-lived radionuclides like °-Mn or 28A1 in the same

aliquot samples ars made. Unfortunately, such data are not

available at present.
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it o

‘(F) égmmAﬁi:
In this chaptef Wwe have calculated the depth and size
dependent production of cosmogenic 2s and (22Ne/21Ne)Sp
which were not available heretofore. From the track
production rate (TPM) vs. (22N9/21NE)5§ correlation diagram
and the data on aiiquot samples of several meteorites it is
seen that there are several meteorites with Ne ratio less
than 1.06 and those expected for their shielding depth and
size and these meteorite data are interpreted tg be due to
multiple exposure to cosmic rays. A model for ‘two stage

exposure history is developed and model eXposure ages are

obtained for such cases.




CHAPTER-VI

ABLATION OF WETEQRITES IN THE EARTH'S ATNOSPHERE

A, INTRODUCTION:

There are several procesées which occur in the
interpiahetary space and earth's atmosphere resulting
in change of the production rates of nuclides in meteorites.
The most important of these are (i) fragmentation of meteoroids
and their parent bodies in the collisional events in the
interplanetary space, leading to multiple EXposure'of the
me teoroids to the cosmic rays,(ii) grosion due to hicro&
meteoroid impacts leading to secular changss in the shielding
conditions of meteoroids and, (iii) the ablation of meteorcids
during their entry into the sarth's atmosphere. The effacts
of these processes on cosmic ray BXpOSUrg histor; and
shielding conditions have to be considered adequategly before

the depth and size dependence of nuclide production rates

are to be gvaluated,.

The time scales involved in collisions of meteorite
parentlbodies are large and these are of the order of
meteorite exposure ages, because during the deep shielded
exposure of meteorcids on their parent bodies the cosmic
ray effects are negligible and the cosmogenic products seen
in the meteorites are largely due to their recent eXxposure teg
cosmic rays. Since the cosmic ray effects are confined tg
first a few meters ( v5 meters) of depth in large parent

bodies, the multiple exposure effects can be aobserved in
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meteoritéé if fhe production of some stable and radioactive
nuclides during fheir'parent body‘exposure are comparable

to those produced in their recent gxposure period. From the
study of estatistical fragmentétion process in the catastrophic
cratering events (Wetherill, 1980) large number of metoorites
are expected to have undergone multiple exposures and the |

me thod of identification of such meteorites (from nean

isotopic compositions) has been discussed in Chapter V.

The erosion rate due: tg micrometeorite‘impacts is
quite émall and it is in&epeqdent of the hardness of the
rocks (Geiss and Oeshger  1960). The erosion rate of
chondrites is less thanm 1 mQ/Myr'(or< 0,35 g.cm.-zmyf-1)
(price et al,1967, lal et 51.1969). During exposure duration
of meteoroids, which isrof the order of a few Myr hardly
upper 1 to 2 cm layer of matter is eroded and the affected
regions are, uysually, lost during the atmospheric ablatian
of thesg meteoroids. Unlike meteorites, the moon samples
have well preserved top layers (since they are brouéht
safely to the sarth by astronauts) and the effect af

erosion in true production rates of cosmocgnic nuclides in

these top layers is significant and is discussed in Chapter-IV.

Atmospheric ablation is the major physical process
leading tu.a significant mass loss (varying from mgs% to A
99.9%) resulting in large uncertainties in the information
the preatmospheric shape, size and the shielding depths of

meteorite samples. Due to the large aerodynamic stresses,
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the meteoroids usually undergo fragmentation resulting in
uncertainty in the relative shielding depths of the

fragments, Ue discuss here the ablation phenomena in detail.

Meteoroid interaction with the parth's atmosphere is
random and unpredictable.‘when they enter in the atmosphere -
with high velocity and glow due to ablation, their arrival
is noted. Due to aerodynamic drag they are slowed douwn
quickly and due to the atmospheric friction the meteoroid
surface melts and evaporates resulting in the loss .of. mass,
and information on their arrival direction and velocity.
There are only three meteorite with their bright fireball
frails photographed by camera networks and hence their
preatmospheric velocities and heliocentric orbits are knouwn,.
From the analysis of strewnfield data of several meteorite
falls, Simonenko (1978) has tried to derive their orbital
glements for a set of possible preatmospheric velocities.

If the preatmpspheric velocities can be deduced for these
meteorites their heliocentric orbits can be deduced, which
are important in understanding about their origin and
evolution of their population. In the present chapter an
attempt has been made to deduce the preatmospheric velocities

of some meteorites from their ablation characteristicse

Frictional heating, subsequent melting and rapid
evaporation is the main cause of mass ablation. The classic
work of Whipple and Hawkins (1959) marked the beginning of

the theoretical treatment of the ablation proces. They
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Forﬁulated-the basic equations of the me teoric process
anﬂ'showed that the ablation depends sensitively on the heat
transfer coefficient. Opik (f958) had discussed extensively
the physical processes occufring during ablation. He shaowed
thaf fhe ablation depends on entry velocity of metecroids,
Bronshtein(1964) also discussed the theoretical and asro-

dynamical problems involved.

The recent work of Baldwin and Sheaffer (1971) is
based én cumulative data obtained by simulation_expériments
carried out at NASA's ANES Research Center. The calculations
consider the ablation by vapourisation, liquid runoff and
surface spalling due to thermal stresses. The relative
importance of these modes of mass loss depénds on meteoroid

surface conditions, the size and velocity,

An approximate and empirical ablation model of
ReVelle (1979) in which the local Knudsen number, Kn
(defining the relative rarification aof air) is taken as a
criterion in choosing the dominating mode of heat transfer
gives better agreement with the experimental data on Lost
City and Pribram and Innisfree, provided ths>assumptions
made by ReVelle regarding the initial and final masses of
thé meteorites are acceptable. However, there still remain
sgveral short-comings and no satisfactory model exists as

will he discussed later.
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Since Balduin-Sheaffar model is more analytical and
is based on physical and aerodynamical parameters measured

in simulation experiments, we._ basically follouw this model

here. In the present chapter we examine the Balduwin-Sheaffer

modei in the light of'experimental data on meteorite

ablation and suggest some possibilities of modificationss
Using the model we obtain the preatmospheric velocities of
meteorites for which ablation data are available from the
cosmogenic particle tracks and rars gas studies (Bhandari

et al, 1980).

(8) CALCULATION OF TRAJECTORY AND MASS ABLATION:

We consider here the high velocity entry of a largs
meteor01d body in the earth's atmospheres The meteoroid |
shapes are irregular but for 51mpllc1ty, in the present
calculations, they ere assumed to be spherical in shape.
The fragmentation has been considered by Baldwin and
Sheaffer (1971) in detail and here we confine to a single
body motion without Fragmentation. The trajectory, the
motion and mass loss af a non-Fragmeﬁting me teoroid during
atmospheric flight ‘at any time nt, are described by .
following equations (Whipple and Hawkins 1959, Baldwin

and Sheaffers 1971).

(i) The equation of motion @
dv 1 2 e A . ] v :
=T = -3 - T ) Io
mar =7 CpVePag *O sin 6 ( 1)
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(ii)_ ~ The equation of mass loss!
dm | 1 3
2 - Lo
dt = 2 H fav % cves (VIi2)

(iii) The equation of angle of elevatian:

4’ g N7 : :
= -~ —\7 SinQ , ...A..,‘ (Vlig)

(iv) The equation for altitude (h) 3

%_% = v 8inz @’ ‘ (.\UI’;[‘L);
where v = instantansous velocity at time t, |

CD = aerodynamic drag coefficient,

CH = total heat transfer coefficient,

angle of elevatiaon of velocity vector,

@,
il

acceleration due to gravity,

w
1]

......

instantaneous mass of the meteocroid,

3
it

—t
o
o

atmospheric density,

>
1

cross-sectional area,

and Q heat of ablation

i

RAll the above four differential equations are
inter-dependent and they are solved simultaneously for mass,.
velocity and angle of elevation at any time; t, given the
initial entry velocity, mass and angle. The aerodynamic
constants CD’ CH are evaluated at all thé points on the

trajectory.
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Uﬁlike Baldwin.and Sheaffer (1971), in the present
treéfmént‘we considerftime as the independent parameter.
The equations are integrated assuming that the meteoroid
ﬁ:operties, the aerodynamic constants and the atmospheric
density remain constant over the time interval of 0,01 sec
used for calculation i.es first ﬁrder approximatiaon is useds
It is found that smaller time steps do not introduce any
significant changes in the tpajectory and mass ablation.

The starting height is taken to be 100 km.

The aerodynamic coefficients Ch» Gy and the heat of
ablation are intricate functiogns of meteorcid properties,
atmospheric density, meteoroid mass and velocity, as

discussed below.

The drag coefficient CD and the hgat transfer
coefficient CH are calculated following the procadﬁre
desgribed in Appendix of Baldwin and Sheaffer (1971).
The total heat transfer coefficient (cH) depends an

continuum flow heat transfer coefficient (CHU) by

-C ~C
CH = CHu e~ Hu + (1-¢g Hu)2 ceees (VI,B)
where
Cy = CHcvu *CHQ
The convective heat transfer coefficignt (CHcvu) is given by
. C P ‘(1‘01)f‘< T \.U)} (VI 6)
HCVU = r v {01+ = V,I', ) « 0 e e .
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where C_
r

i

Constant dependent on size, r, of the meteor bod§;
P = aesrodynamical constant (Baldwin and Sheaffer, 19?4)
f = f(v,r,T,U) is a krown function of velocity v,

radius, r, vapour temperature, T, and total mass

loss rate W(T),

From equation (VI.,6) it can be shown that the convective
heat transfer coefficient depends sensitively on P, an

agrodynamical constant,

The radiative heat transfer coefficient (CHRT) for an

optically thin gas cap layer is given by

“WrT = CHeu * CHny coes (VIL7)
where CHeu = The equilibrium radiat;ve heat transfer
coefficignt for ah optically thin gas-cap
and is given by
c = 41.6 g.8 _M-;W p1 e X ’— 14251g:§} for v 213.7 km/sec
Heu = 1 F’ >[10ﬁﬂj>-' p L flra | ’ 213, 8c
fv “}pZ - Z__.__Z_g__‘l_g:_a_ , for v&£13.7 km/sec’
or = 1.581}'-0—2-—} EXP[" Ir- ]

eess (VILB)

\nhere p,] = 2,05 and pz = 12-450

And, the non-equilibrium radiative transfer coefficient,

C is given by

Hnu’
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o 173 -8
CHnu = D.6x10"6 ;T‘ *gz;m} axp [:ZLQ%%Q—ui], f/zi 10-3
f" 107 . (

5 P -8}
or = D EXADTE —~¥—~i} 3 exp =2.2x10__ P1§§ 103

10%

eoes (VIL9)

P f
where f = ~£ h) & p, = 4.0, Baldwin and Sheaffer (1971)
@'07 3

Then, the total radiative heat transfer coefficient (CHR)

is given by
2

-2CuRT T~ Curr }

axps s + C 1- exp | & ;
HRMA X CHRmAxd‘g

C .
CHRIYIAX

HR ~ CHRMAX'

eeee(VIL10)

where CHRmAX is an aerodynamic constant (Baldwin and

Sheaffer, 1971) and is equal to 0.1363,

The heat of ablation Q is obtained by

DH f; V3

Q = **Em;—‘—* ceeo(VIL11)

where Ws = total mass loss rate per unit meteoroid surface
area due to vapourization, liquid flow and

spalling.
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- In the present’palculatiohs'onlybofdinary'chondpites
(chondrites -and achondrites) are considered. For ordinéry
chondrites the main process of mass ablation is due to
vapourization and ligquid run off. The mass loss due to
spallation is usually negligible. For lower entry mass
me teoroids convective heating and for higher mass meteorites
the radiative heating dominate.

(G) RESULTS OF THE CALCULATIONS AND COMPARISON WITH:
METEORITES DATA :

There are only three meteorites viz. Pribram,. Lost
€City and Innisfree for which the velocity and angle of
entry and hence heliocentric orbits are knouwn (Ceplacha
1961, McGrosky 1971 and Halliday et al.1978). Also, from
cosmogenic particle track density and rare gas measurements
their preatmospheric masses are known. (Bhandari et al.1980,
"and Goswami et al. 1979). Table VI.1 summarises data on
these meteorites. In estmating the ablation suffered by
these meteorites, it is assumed that the recovery of
meteorites fragments is nearly complete, although recently
Bagolia et al, (1977) have shouwn that the most probable
recovery efficiency in a meteorite shower is about 60%.
Since the preatmospheric mass is deduced from the measured
particle track production rates and in some cases from
track density gradients, the estimated are reliable within
voo20%. If 8 A s the uncertainty in deduced ablation A ‘and

o Mo is the uncertainty in the estimated preatmospheric mass
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of a meteorocid, we can write

A A A Mo
= - H o s 00 VI.
A = Mo X -(‘lﬁ-il | ( 12)

Fraom above equation it is seen that for »~ 20% uncertainty
in A, the . MMo/Mo value varies from ~3% for A = 15% to~ 20%

for A = 99%,

Fig.VI.1 shows the comparison of meteorite ablation
data and the célculations bassed an Baldwiﬁ and SheaFFer(1971)
model. WYhile the Baldwin—Sheéffer model ecalculations agree in
casg of Pribram, the model grossly disagrees mitﬁ the dafa
on Lost City and Innisfree meteorites. The predicted
ablation of Lost City meteorite of 30% is small compared to
QXperimentally determined ablation of (75i24)%- Although
the error in ablation estimate is large, certainly the
ablation is greatér than 50% (Bhandari et al.1980),
Baldwin-Sheaffer model undersstimates the ablationAbf louw
entry Velocity me teorites. Unfortunately, there is no other
me teorite with known preatmospheric Veloéity towards lﬁwéf

end of velocity scale to compare, but for Innisfree metecrite.

In case of Innisfree meteorite, whose preatmospheric
entry velocity and angle were similar to those of Lost City
meteorite, the model predicts initial mass of V25 kg. This
is much lower than the estimated mass of 3504100 kg based on
particle tracks and rare gas data (Goswami et 21.1979). The

case of Innisfree looks to be grossly anomalous. One
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Vg =20 km/sec
——=— VY4 =22 km/sec

.

Vo =14.2 km/sec, 64 =38°

—— p=0.15(Baldwin & Sheaffer,1971)
=-—p=0.33 ' —_

/\/ Lost City

0.2 // ]
Innisfree .

0.0 I . JJI L L 1 [

- 0 | 2 3 4

S A e S [ [ M (s MR
Pre-atmospheric Mass (Mo), kg

Fig.VI.1 Comparisaon of ablation data on Pribram, Laost City

and Innisfree with the oalculations baged an 4
Baldwin and Shesaffer (1971) model and the modified
calculations discussed in the taxt.
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possibility is'tﬁat fhe meteorite recovery is far from
complete, although Halliday et al. (1978) cliam the
complete recovery. Another possibility 'is that the
meteorite had complex exposure history resulting in over-
estimation of the preatmospheric mass. In the present

discussion, this anomalous case of Innisfree is excluded.

Many parameters which go into the model'calculatidns
are uncertain. The parameters used in the Balduwin-Sheaffer
model are determined by laboratory simulatiaon experimeﬁts
at NASA/Ames Research Center. The ablation depends sensitively
on the total heat transfer coefficient (CH); which constitutes
of two modes vié. convective and radiative which in turn
depend on velocity through aerodynamical parameters p, Pqs
p, and p,. Although these parameters are determined Ffrom
Nnumerous laboratory simulation experiments, the validity
of their values when applied to large meteo;oid bodiegs

entering into the atmosphere are to a certain extent doubtful,

(D) MODIFICATION OF BALDWIN~-SHEAFFER MODEL :

To match the ablations of Lost City and Pribram
meteorites simultaneously we have tried to investigate
the dependence of ablation on certain crucial parameters
Ps Pqs P, and Pr in expressions for convective and for
radiatiye heat transfer coefficients. The ablation of Lost
City meteorite is assumed to be 53% . The ablation of Lost
City meteorite given by ReVelle (1979) is 67% which is

higher than 53% ablation adopted in our calculations.
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‘Since for smaller valobitiea, the convective heat
transfer mode dominates, if is obvioué that increase in
convective heating for smaller -bodies can result in higher
mass ablation. This can be achiegved if the value of the
parame ter P apbearing in the equation for convective heat
transfer coefficient (Equation VI.6) is 0.33 instead of
0.15, given by Baldwin and Sheaffer. This value, according
to Baldwin (personal communication, 1é81) is reliable within
a factor of tuwuo. The radiative heat transfer coefficient is
not very sensitivé to parameters Pys Py and Pre Even a facf§f 
of 4 increase in Py and a factor of 2 increases in pq
is calculated by equating the C obtained by tuo equatiOns

2 Heu
(VI.8) for velocity V = 13.7 km/sec), the calculated ablation

(p

of Lost City meteorite can be increased to only 33%. Thus,
it is necessary to change only p . This is adjusted to 0.33 in

the following calculations & other parameters ares kept unchanged.

In Fig.VI,2, the total heat transfer coefficient as a
function of altitude for initial velocities of 14 and 20
km/sec and for 100 kg initial mass calculated by Baldwin-
Sheaffer model for the two values of p are shouwn for comparison.
At high altitudes, the total heat transfer coefficient with
P = 0.33 is higher than Baldwin-Sheaffer value. In the altitude
range of 40-10 km, in which most of the ablation occurs, the
total heat transfer coefficient is about a factor of 2 above
the heat transfer coefficient with P = 0.15. This is true for

both the low and high entry velocities.
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Thé'results af calculations are shouwn in Fig.VI.SQ
Fof enffy velocifiéé ranging from 11 km/sec to 25 km/sec
the surviving mass for various preatmospheric massgs are
shown. It is integresting that such elaborate and intricate
calculations ultimately lead te a simple relation betuween
surviving mass, mr, and the preatmospheric mass, mO. The
curves are plotted for typical entry elevation angle’o% 46“}:
It is found that the uncertainty in the initial angle of .
entry (10 ie{;i80°), leads to an uncertainty ofa +0.5
km/sec in entryrvélocity. From Fig.VYI.3 the relation between
mr and mg for various entry velocities is described by
equation

log M_ = K log M_ + C veveo (VI 12)

where K and C are constants and function of UO. The value

of K and C are given in a table in set in Fig.VI.3.

According to the calculations, the ablation for a
given mass increases rapidly with velocity. For mo v
kg, the ablation suffered for \/O = 25 km/sep is ~n 16 times
more than that for V_ = 11 km/sec. The corresponding

ablation value for M_ = 10% kg are 99.9 and 90%. At higher

gentry velocities the ablation does not depend very much an
the mass (MD) whereas at lower entry velicities the dependence
is quite significant.

(g) PREATMOSPHERIC VELOCITIES OF METEORITES:

One of the important applications of an ablation model

is to obtain the preatmospheric velocity distribution of
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me teorites to seé if tﬁé meteoroids have any prefersntial
velocity. @n attempt was made by Bhandari (1969a) to deduce
preatmospheric velocities from mass ablation based on Opikks
meteor theory. The Balduwin and Sheaffer model is more
sophisticated aﬁd we use this model to deduce the preafmos~
pheric velocities. To deduce the preatmospheric velocities
of the meteorites, which are listed in Table VI.2, we have
plotted ablation as a function of recovéred mass for various
entry velocities (Fig.VI.4). The angle of antry has been
assumed to be 40°., The ablatién data of the meteorites are
plotted. Ffrom thé theoretical curves it is seen that the
minimum amount of ablation a meteorite can suffer is 15%
(UO=11 km/sec and m. = 10° kg) and for larger reQDVEred
masses, the ablation is by and large constant and depends
solely on preatmospheric velocity. Towards lower end of

the recovered mass scale the ablatién range nharrows down
(from 50% to 99%). Although similar velocity dependent
ablation curves were obtained by ReVelle (1979) based an

his empirical model, the minimum ablation predicted by his
model is 35%, which is much above the observed abiation

of 2743 % for St.Severin chondrite. Our model calculations
do incorporate the data on St.Severin chondrite and the
deduced preatmospheric velocity of 12.,24+0.5 km/sec fairly
agrees with that deduced by Nordemann et al. (1970) of

14+1 km/sec. Vplocities of most of meteorites can be
estimated within the uncertainty of +2 km/sec. The doduced

velocities are given in Table VI.2.
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,The velocity hlstogram of thbSO metegorites is shown
in Flg UI.5. The velocity interval of 2 km/sec is chosen
since, as discussgd above, the velocities of most of the
meteorites are known within +2 km/sec. The distribution
can be best represnted by a curve shown in the figure which
resembles to the one obtained by Millman (1969) from abaout
250 meteorites orbit distributions. There is a sharp gut off
at V= 11 km/sec and the frequency falls down with
increasing UO.

The preatmospheric velocities of some of the meteo-
rites deduced by Rajan et al. (1978) based on empirical
model of ReVelle (1979) and the velocities deduced by
Millman (1969) from the observed radiants are given for
comparison in Table VI, 2, The velocities given by Rajan
et al., are systematically iowor than those deduce here,
‘though they agree within the uncertainties given. The
velocities of Archie and Norton County given by Miilman

(1969) agree with those given by us within the errors.

Several of the meteorites listed in Table VI.2 are
falls and the approximate time of fall andvthe co-ordinates
of the place of fall are known. Additional information of
the radiant of showers or strewnfield along with the deduced
preatmospheric velocities can be used to deducs tHe
heliocentric orbits of thess metsorites. Based on similar

approaches Ballabh et al.(1978) have calculated the orbit
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of the DhaJala chondrlte, Milliman (1968) calculated the

orblts of several metecritegs.

(F) SUNMMARY 3

Baldwin . and Sheaffer (1971) does not predict the
observed ablation of Lost City meteorite and in general
it predicts lower ablatian for low velocity meteorites,
The observed ablation of Pribram meteorits is corre ctly
predlcted by the model. Some of the parameters used in
this model have large uncertainties. It has been)found
that the parameter p appearing in the equation of
convective hgat transfer coefficient is the most sensitive
of all these parameters and according to Baldwin (personal
communication, 1981) is better knouwun within a factor of 2.
To obtain a better match with Lost City and other meteorites,
we have recalculated ablation with p = 0,33 and based on
these curves, uwe haué determined the preatmospheric
velocities of meteorites. The preatmaospheric velowmity
distribution deduced from £he revised model showswa similar
behaviour to that obtained by Millman (1969). The velacities
deduced in the present calculations are accurate within +2
km/sec and incorporate the observed ablation of St.Severin

me teorite.



~= “CHAPTER™-VII

~ CONCLUSIONS

An attempt has been made in this thesis to determine
the production rates of several cosmogenic nuclides and to
asseés the long-term characteristics of the SCR and GCR
particles in the interplanetary space. The following

conclusions are drawn on the basis of this work.

(A) Production ratg of cosmogenic nuclides in chondri tes

As a result of this work and some earlier attempts, we
now have a fajir idea of the production profiles of several
radionuclides in chondrites. Based on 26p 3 depth profile
in Dhajala chondrite, we have now deduced the energy
spectrum of nuclear active particles as a function of
shielding depth in a 50 cm radius body which can be used
to calculate the depth profile of production rates of
many other cosmogenic nuclides, provided the proper
ekcitation functions are available, using a suitable
model. Using Reedy and Arnold (1972) model, the depth

22 10 21N 22Ne,

profiles of Na, Be e, etc. have been

L
calculated. Such calculations when compared with measured
profiles can give information on the GCR intensity over
about 3 to 4 mean-~lives of a radionuclide, or on the
exposure history of meteorites using stable rare gas

. . 21 22 A .

isotopes, like Ne and Ne etc. comparison of measured
2%\ depth profile in DBhajala chondrite with the calculated

profile indicates that the solar cycle modulation effect on
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22Navis quite signifibant. Ta assess thé effecf of higher
GCR fluxes in the interplah;tary spaée during solar cycle
20 on 22Na activity in meteoroids, the anﬁual average GCR
fluxes during solar cycle 20, deduced from the available
satellite measurements of GCR spectra, show that only
about half of the measured axcess 22Na activity can bes
accounted for solar cycle modulation in the ecliptic plane.
In view of the orbital parametsrs of Dhajala meteoroid,

the residual excess indicates higher GCR fluxes at helio—

latitude of > 185° during the cycle 20, as earlier shoun by

Bhandari et al. (1979) and is supportsd by the present data.,

Secondary ngutrons constituté very important parf of
the nuclear active particles and the information on their
flux and energy spectrum areblmportant in calculation of
nuclides produced by these neutrons, such as 21Ne, 22Ne"‘1
(E; = 2.7 and 0.5 MeV, ragipé‘ctively; See table I.1),and
Sgcq; 59Ni and 3631 produceé by the thermal/epithermal
neutron capture reactions. betsrminatich or 80cq depth
profilé in Dhajala has enabled us to deduce the eplthermal
(0.5~ 300 aV) neutrons slowing down density as a functlon
of depth. This density varies by a factor of ~ 13 from
6 cm to Schm'depﬁh(0.0US neutrons/ cm>.ssc. at depth of
ébduf 6;cm to 0.084 neutrans/ emo.sgc. at the center of
SU1cm“tadiQs chondritic body). The comparison of the 60¢c,
depth profilss in 50 cm and 100’cm (Kirin) chondrites and

in a 100 om carbonaceous chondrite (Allende) shows that tha
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calculated 6OCo:depth:'p_raf’iles of Eberherdt et al. (1963)
overestimate the production. The maximum slowing down
density in a 100 cm H chondri£e and in a 100 cm carbﬁnaceous
chondrite (cv3) occurs at 30 cm and 16 om depths, respect-
iVeiy, with peak slowing down density of neutrons of 0.25
neutrons/cmz.sec. and 0,50 neutrons/cmz.sec., respectively.
The peak neutron flux in 100 cm radius Kirin chondrite

agrees with the peak flux of Eberherdt et al.

The exact shapé of the energy spectrum of the nuclear
active particles at any depth in a meteoroid body is not
known, although it can be described by the spectral shape
parame ter (K ) appearing in the empirical equation given

by IV.1, and assumed by Reedy and Arnold (1972), which is

1088”

a decreasing function of E >100 MeV, The experimental
depfh profile in a 50 cm radius body (present mork); and
in the Moon (Finkel 1972, Kohil 1975), show that the
Reedy~Arnold model calculations of this high eneragy
(100-1000 MeV) product is underestimated by a factor of
about 2.2. Hence 100-1000 MeV flux required is abaut 2.2

times higher tham the flux given by the equation IV.1.

'THe cosmogenic 21Ne is, especially, useful iﬁ deduci ng
the exposure age of meteorites, but due to £he unknown
depth and size dependent production rates, and the pre-
irradiation effects, its Use has been limited. The depth

and size’dependeht 21Ne production rate calculations made
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in this thesis show that the (22Ne/21Ne)ép ratio less

than 1.06 is not possibleifor chondrites with a simple

one stage exposurse history. It is found that there are
several chondrites with neon isotopic ratio less than
1.06, and also the ratio less than that expected for their
shielding depth and preatmospheric size. Several such
chondrites with multiple eXposufe history are identified,
and based on some plausible irradiation depth on parent
bodies, model exposure ages are calculated. The statistics
is not adequate at present, but togther mith‘particle

SSMn or 26a3 measurements in

tracks, neon isotopes and
some aligquot samples, the exposure history and shielding

depths etce zgtom be determined.

To study the cosmic ray intensity in the inter-
planefary space, and the variation in time, it is essentiai
to know the heliocentric orbits of the meteoroids. One of
the important parameters which can be used to determine
the orbits is the preatmospheric velocity of meteoroids.
There are only three meteorités for which the preatmos-
Eheric velocity and the heliocentric orbits are knouwn.

The apheiia of these meteorites lie in the asteroidal
belt. In this thesis, the Baldwin-Sheaffer (1971) ablation
model is discussed in terms of knowun ablation for these
meteorites and is found to underestimate the ablation of
louw entrYVelocity meteoroids. Using some variation of tﬁis

model, to match the observed ablation of Lost City meteori te,



e
we have calculated the preéthSpheric velocities of several
meteﬁrites with known.ablétion from cosmogenic particle
track and rare gas studies of Bhandari et al. (1980).The
preatmospheric velocities can be estimated within 42 kﬁ/sec
and the error due to uncertainty in the angle of entry is
about 0.5 km/sec. Even though the statistics is poor, the
velocity distributiaon obtained is similar to that of
Millman (1969) based on about 250 computed meteorite
orbits. The preatmospheric velocities and the information
on the méteorite radiant, strewnfiéld déta, the meteorite

orbits can be calculated.

(B) Ancient Solar Flare Activity:

The concept of the constant sun has been challenged
by the recent developments in thg solar neutrino astronomy,
and the observations of the varying sunspot activity.,
Several hypothesis have been put foruward to explain the
non-steady nature of solar magnetic field and the eneragy

generation processes.

Here we have an opportunity to study the anéient
solar flare activity with the availability of well docu-
mented lunar samples, the solar system materials from the
known hegliocentric distance. Moreover, because of dynamic
lunar surface processes, we have samples with eXposure ages
varying from a fraction of Myr onwards, which can give

information on various time averaged solar flare activity.,.
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The direcf meaéﬂrements of the solar proton fluxes
at 1 A,U. by SPME has yielded lower proton fluxes than
the long-term average from radionuclide depth profile
studies. The high depth resolution and high precision

' 2
measurement of

A1 depth profile in several lunar roc ks
and soil has yielded 0.4 to 1.5 My r aVeraQed flux given

by (Js,Ro) = (125,125), which exactly reproduces 53Nn dep th
profile in soil column 60010 measured by Nishiizumi and
Arnold (1981). This 0.4 to 10 Myr averaged SCR flux of
(125,125) is higher than the solar cycle 20 average of
(90,85) and lower than the solar cyecle 19 average of
(378,100—130) and generally in agreement with the fluxes

géduced by ®everal other radionuclide viz. 3H, 140, 59Ni,
P
8

Tr depth profiles. This observation can be understood

¥ in terms of several periodicities in splar sunspot and flare

activity.
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