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Summary

In this work, 4'Ca is discussed as tracer for interplanetary dust on earth for the first time.

The annual influx of extraterrestrial 4'Ca has been calculated to lie between 1—%— and
cm”yr
10° at . Furthermore, it is shown that the extraterrestrial 4'Ca in Antarctica is
cm” yr

measurable with the AMS-facility at the Maier-Leibnitz Laboratory in Garching. Antarctica
is chosen as sampling site, because there is low influx of terrestrial dust. However, to
distinguish between terrestrial and extraterrestrial produced 4'Ca more research about the
terrestrial contribution has to be done.
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Introduction

Between 20 and 60 thousand tons of micrometeorites are accreted on earth every year.
Those micrometeorites have typical diameters of 200um, so they are invisible to the naked
eye. Nevertheless, most of the extraterrestrial matter comes to earth as such
micrometeorites [1]. Characterising and tracing this micrometeoritic extraterrestrial matter
is the challenge of this work. In order to do so, unique indicators capable to prove
extraterrestrial origin have to be found. Long lived radionuclides are the most promising
possibility. The idea is to test terrestrial samples for isotopes which are only, or at least
overwhelmingly, produced extraterrestrial. For the first time, in this work 4'Ca is examined
in the context of interplanetary dust. A similar approach is currently made with 53Mn [2].
53Mn and #'Ca are produced in the atmosphere only to an insignificant amount because
there are only traces of appropriate target material. Lighter radionuclides (?6Al, 3¢Cl) can
for example be atmospherically produced by spallation of atmospheric 40Ar (terrestrial
background) [3]. For #'Ca, one significant known terrestrial background is neutron capture
of 49°Ca: 4°Ca(n,y)*'Ca [4].

New measurements will help to improve data on the terrestrial influx of extraterrestrial
material. This can play an important role for various research fields, i.e. modelling the
interplanetary dust cloud [5]. 4'Ca provides the chance for an approach, independent from
yet established methods, to determine the influx of interplanetary dust.

This thesis is divided into three chapters. In the first chapter, the origin of interplanetary
dust and why it approaches earth is summarized.

In chapter two, based on the results stated in chapter one, an estimation of the
extraterrestrial 4'Ca-influx to earth is made.

In chapter three, the results of chapter two are used to estimate the ratio between
extraterrestrial 4'Ca-atoms and overall (mainly terrestrial) 4°Ca-atoms present in Antarctic
ice. With Accelerator-Mass-Spectrometry at the MLL in Garching, this quantity can be
measured down to ~10-"6. Furthermore, it is discussed, whether the terrestrial background
of 4Ca in Antarctic ice is negligible, i.e. whether 4'Ca can be used as tracer for
extraterrestrial matter.



1 Interplanetary Dust Particles (IDP) on earth

1.1 Origin of Interplanetary Dust - The zodiacal cloud

The zodiacal cloud is a dust cloud surrounding all the objects in our solar system [6].
Actually the interplanetary dust particles form the zodiacal cloud. It is fed by disruption
processes of larger objects like comets or asteroids. Dust particles' trajectories in a solar
orbit converge towards the sun. This is caused by the so called Poynting-Robertson-Effect,
explained in detail in chapter 1.2.

Sources of extraterrestrial material on earth are believed to mainly lie in our solar system.
Figure (1) shows possible sources which are discussed in detail in [1]. According to
Kortenkamp and Dermott [6], a significantly high and maybe dominant percentage (5-25%)
of the dust in this zodiacal cloud has its origin in the asteroid belt at 3AU from the sun (see
figure (1)). 1 astronomical unit (AU) is the average distance between earth and sun
(1AUN1_5.1013cm) . Other Authors [7] even surpass the Kortenkamp and Dermott value of
asteroidal contribution by stating 30-50%. Among asteroids, the other main source of
interplanetary dust is comets [6], [7]. Details about origin and processes of the
interplanetary dust cloud are not well characterized.

3 D =
o o m 9
S . _ S
e= R = 2 8 2 ;=
5 T 8y = o 5 3 S
- © ) - ~ O
w W = © - =z X o
../ \-.\I . \ //'_'\\ .
' ' (1)@ " ) O O
| f.II v/ '\ y N/ j
IAE
1.5AE
2.7AE
30AE
S0000AE

Figure (1): sketch of the solar system; in the original work AE is used for “astronomical
unit” (AU in this work); taken from [1]

1.2 Motion of IDP

Forces acting on particles in our solar system are dominantly induced by the sun. Besides
sun's gravitational force, for IDP also non-gravitational forces contribute significantly.
Scattering of light and interaction with solar wind particles (mostly hydrogen-plasma) are
the two forces which are included in the model described in chapter 2.3.
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The scattering of solar light slows the particles down and lets their orbit decrease towards
the sun. This so called the Poynting-Robertson-Effect will be explained in the following.
“Scattering” of solar wind particles also forces IDP towards the sun. In fact, for describing
the scattering of particles instead of photons, only the relation between energy and
momentum needs to be adapted. A detailed derivation and further references on that topic
can be found in [8].

1.2.1 Poynting-Robertson-Effect

Consider a particle with velocity V=ve. being irradiated perpendicular to ¥ by incident
light with Poynting-Vektor S. Such a set-up is shown in figure (2b). This corresponds to a
dust particle on a circular orbit around the sun described in the sun's rest frame. Using the
Lorentz-transform, the situation can also be described in any other inertial frame. In the
rest frame of the particle, the radiation S“mz +ame 18 NOt perpendicular to the velocity
Vs rame (figure (2a)). Therefore, in this reference frame, there is a component of §tf
which is parallel to V.. 5... - Consequently, absorbing a photon causes the z component of
the velocity to change. Note that during the reaction the particle's momentum is changed
which causes the rest frame to be an accelerated but not an inertial reference frame. In
order to work with inertial reference frames only, “rest frame” is now defined as the
reference frame where the particle is at rest after one photon is absorbed. In the original
reference frame, where the radiation S is perpendicular to ¥, the absorption of a photon
does not change the velocity's z-component. However, when the particle is in thermal
equilibrium, it needs to re-emit the energy it absorbs. In the rest frame, the emission is
isotropic and thus, on average over many photon emissions, does not change the velocity
Vs rame - IN the original reference frame, the emission of light is anisotropic due to the
(relativistic) Doppler effect. Photons emitted in forward direction carry more momentum
than those emitted in backward direction. Consequently the particle becomes decelerated
along the z-direction.

A detailed calculation by Burns et al. [8] delivers differential equations for eccentricity and
semi-major axis for those particle's orbits.

(a) S (b)

Figure (2): Poynting-Robertson-Effect in the rest frame of the particle (a) and in the rest
frame of the irradition-source (b); Figure taken from [9]



1.3 Spallation-processes in IDP — cosmic rays

High energetic particle irradiation present at the top of earth's atmosphere is called
(primary) cosmic rays. They are classified into a solar and a galactic component. The solar
component originates from our sun and mainly consists of protons (>90%, [10], [1]). The
galactic component is believed to originate from supernovae explosions and also mainly
consists of protons (~87%, [10], [1]). The second most abundant component in cosmic
rays are a-particles followed by less than 1% of heavier nuclei [10], [1], [11]. The solar and
galactic cosmic rays vary periodically over the ~11yr long solar cycles [11]. Because
interplanetary dust particles are exposed to cosmic rays for 10* years or even longer (see
[2], [12], formula (8)), i.e. at least 3 orders of magnitude higher, the modulation effect on
galactic cosmic rays (GCR) and variations in solar cosmic rays (SCR) are neglected. In
this work, the average GCR proton flux measured in [13] will be used and assumed to be
constant in every calculation (Appendix B). SCR flux-data are only used qualitatively. A plot
of the average cosmic ray fluxes at 1AU (from the sun) is shown in figure (3).

In the following, whenever “at xAU” is written, it is meant in a distance of x AU from the
sun.
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Figure (3): average proton flux distribution at 1AU (values taken from [10], [13])

Spallation means that a nucleus is divided into one or more nuclei because of a high
energetic incident particle. For production of radionuclides in IDP, spallation processes like
%Fe + p — 41Ca + "balance” play an important role. In chapter 2.2, this reaction is
discussed to be the major source of 4'Ca in interplanetary dust.

For a reaction like “target” + “projectile” — “product” + "balance” (in the following, the term
+ "balance” will not be written any more, but implicitly it is needed to balance the equation),
formula (1) defines the cross-section o. ® is the flux of incident particles (projectile,
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ticl
these are the protons “p” in the example in the previous paragraph) [‘D]=—par lf = , Niarget
cm s

the number of atoms of the target material (°6Fe in the example in the previous paragraph).
The reaction rate is the number of “product’-atoms produced per unit time. In the following,
this will be called the production-rate and be named p. ® can be divided into a solar and
a galactic part, as discussed above (CD:CDS-HDG). Whenever p is indexed with S or G,
only production due to solar or only due to galactic projectiles is meant.

p='reaction rate'=®-0-N .., ™M

When o and & are energy-dependent, it has to be summed (integrated) over all
energies. The result is formula (2), which states how the production-rate of a radionuclide
p per number of target nuclei N,.. is linked to spallation cross-section o(E) and

proton-flux 31(5E) .
p _[dP(E)
N =/ g OlE) dE (2)

target

dpm

In the literature, values like XW

are often found (dpm = disintegrations per

minute). A production-rate of 1 means, that in 1kg of target material within one

Ipm
kg (target)

. . . Ipm dpm .
m -atom W m | — 122w

inute one product-atom is produced. In this work, among kg (target) ’ also kg ill
be used. A production-rate of l—c%g , means that in 1kg of sample material within one

minute one product-atom is produced. So, the production-rate is normalized to target mass
m and not to the number of target atoms N .., . This can be easily converted via the molar

mNA.

mass M of the target atom and Avogadro's constant No N arga = 3 p

1 dpm dpm

Conversion between and l-————= depends on the abundance of target
kg kg (target)
material in the sample. When the sample has x mass-% of target material, then
dpm dpm
1 —F———=x%-
kg (target) XV kg
Because normalization only changes values by a constant factor, it will not always be
distinguished between Np , mp - P , ... When calculations are made, the

target target whole sample

production-rate will simply be named p, however it is normalized. From the context of its
dpm dpm
1 orl
kg kg (sample)
converted as stated above.

unit , the normalization used becomes unique and can be



2 Accretion of 41Ca from IDP on earth

The aim of this chapter is to estimate the accretion rate of extraterrestrial 4'Ca from
interplanetary dust on earth. At first, it is shown that the most important reaction to produce
41Ca in IDP is spallation of iron. Secondly, outgoing from measurements of extraterrestrial
53Mn, an accretion rate of 4'Ca is derived. Finally, the accretion rate is estimated with a
model independent from the %3Mn-measurements. It is explained why these estimations
represent a lower and an upper limit of accreted 4'Ca.

2.1 Sources of 4'Ca in IDP

There are two maijor reactions for the production of 4'Ca in IDP [4]: Spallation of iron and
nickel due to cosmic proton irradiation and neutron capture of the most abundant stable
Ca-isotope 4°Ca. In the following, it will be shown that neutron capture and spallation of
nickel contribute only negligibly to the total abundance of 4'Ca in IDP compared to
spallation of iron at 1AU. The results are summarized in figure (4).
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Figure (4): Production-rates of 4'Ca at 1AU via the different production channels spallation
of nickel and iron among neutron capture of 4°Ca. Black marked areas denote
uncertainties. For the reaction 4°Ca(n,y)*'Ca only an upper limit is provided.

2.1.1 Spallation of iron and nickel due to cosmic rays

Spallation reactions, cross-sections and production-rates have been introduced in chapter
do(E . . .
1.3. dJ(E‘ ) does not depend on the target material considered, i.e. is the same for the

reactions %6Fe + p — 4'Ca and %Ni + p — 4'Ca. The spallation cross-sections c(6°Ni—4+'Ca)
and o(°®Fe—*'Ca) are very similar (Appendix A, [14]). Therefore, the production rates
mainly depend on the abundance of the target material Nt (formula (2)). Because IDP



contains about 17 times more (related to mass) iron than nickel (see Appendix C), the
production due to spallation of iron is about 17 times higher than spallation of nickel.

dpm
kg(Fe)’
provided by different authors using independent methods [15], [16], [17]. With 18.2 weight-
% iron in IDP (see Appendix C), the production-rate in IDP is pFﬁCa=4.37i0.19d]f—gm )

At earth's orbit (1AU), the production rate due to spallation of iron is p .., =24*1

Dividing by 17 provides the production-rate from nickel p,;_=0.26+0.01 d}f—m .

g

2.1.2 Neutron capture of 4°Ca

The production rate due to neutron capture in IDP at 1AU is smaller than 0.01 g‘f%a) [18] for
particles with radii smaller than 10cm. In this work, only dust particles with much smaller
radii are considered, because the contribution of bigger particles to the terrestrial accretion
is negligible (see Appendix D). With about 1 weight-% of 4°Ca in IDP, this corresponds to

dpm
p40Ca~>4ICaSO.01 E .

2.2 Upper limit estimation - Comparison between >3Mn and 4'Ca

Among #'Ca (t,=1.03 x 10° yr; [19]), %3Mn (t,=3.68 x 10° yr; [19]) is another long lived
radionuclide which can be used to trace interplanetary dust on earth. Like for 4'Ca, the
most important source of extraterrestrial °3Mn is known to be spallation of iron (>90%) [1].
However, the production cross-section for the spallation reaction %Fe+p—2Mn starts to be
significant at much lower proton energies (~1-10MeV, [14]) than for 4'Ca.
Let xwn be the fraction of 53Mn and xc. the fraction of 4'Ca that is produced by spallation of
iron at proton-energies between 180MeV and 1680MeV of only the galactic cosmic ray
protons. [*'Ca] and [**Mn] denote the concentration of 4'Ca and %3Mn in IDP at 1AU.
During the motion, 4'Ca and °3Mn are produced, but at the they also decay according to
their decay-constant. When decay is neglected, the ratio between [*'Ca] and [53Mn] is
equal to their production-rates (equation (3), also compare chapter 1.3).

1680MeV

41 dq)—(E)'GFeHCa(E) dE

X¢o [ Cal _Xca Pca _ 180mev dE 3)
an [53Ml’l] an pMn 1680MeV

do(E
dl(? )'O‘Fe—>Mn(E) dE

180MeV
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Figure (5): cross sections for spallation of iron to 4'Ca and >3Mn (values taken from [20],
[14], [21]); the left y-axis corresponds to °3Mn, the right y-axis corresponds to
41Ca

The integration is performed stepwise, because only data at discrete energies are
available. The values in Appendix A and B yield to calculate the following:

1500MeV
d

O (E)

300MeV dE

to evaluate at E=
300MeV, 500MeV, 750MeV, 1000MeV, 1500MeV

-0(E) dEN; o(E)®(E)

41
The calculation states &'[[%La] ~ 0.18%+0.01 .

Mn n]
Xca is bigger than xw, for the following reasons: The production cross-section for 53Mn
arises at energies lower than 180MeV, whereas the cross-section for the production of
41Ca drops to <0.1mb for energies <100MeV ([14], figure (5)). In addition, the proton flux at
energies <100MeV (dominated by the solar component) is several orders of magnitude
higher than the total flux within the considered energy-range (figure (3), p. 6).

X
So, using an <1, formula (4) holds:
Ca
[4lca] an

~

(0.18+0.01) < 0.19 = ["'Ca] < 0.19 [ Mn
San] xe, ( ) ey [ Mn] (4)

—

This relation can also be used for the annual accretion-rates R of both radionuclides, when
the accretion behaviour is assumed to be equal (formula (5)).

R("Ca) _ [*'Ca ]
R(PMn) [*Mn]

<0.19 (9)
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Author(s) year of 53Mn accretion-rate [103%] comment Ref.
publication yr om

Bibron et al. 1974 184 = 4.2 average global [22]

Bibron et al. 1974 6.1 = 14 at their sampling site [22]

Imamura et al. 1979 1.954 = 0.084 - [23]

Table (1): Accretion-rates of °3Mn by different authors

53Mn-accretion rates provided by different authors are listed in table (1). Bibron et al. state

t
an accretion-rate of 6.1=1.4-10’ i at their sampling site near the Antarctic Plateau
cm” yr

Station (79°15'S, 40°30'E). Then, they extrapolate their value to global average using a
model that assumes an anisotropic accretion of aerosols. According to their model, the
accretion-rate at the poles can be seen as lower limit. Because little is known about that
topic, in this work, isotropic accretion on the whole surface of the earth is assumed as first
approach. Their approach of extrapolation is mentioned for completion only. For further
calculations, the accretion of IDP is assumed isotropic. So the upper limit for the accretion-

rate of 53Mn is set to R(®Mn)<6.1+1.410°—%— <7.5.10° af
cm” yr cm” yr

Bibron et al. measured in their samples. Then the upper limit for the accretion-rate of 4'Ca
is (using formula (5)) R(*'Ca) < 1.4-10°—%

, which is the value

cm” yr

2.3 Lower limit estimation - Model of production-processes in IDP

To estimate the expected amount of 4'Ca in the IDP when accreted, among production
rates and elemental composition, also the time being exposed to cosmic irradiation is
important. A significant proportion of interplanetary Dust on earth is believed to originate
the Asteroid Belt at about 3AU in our solar system (see chapter 1.1). Consequently, this
model considers particles originating (i.e. being produced) from 3AU. In this chapter, all
IDP is assumed to come from the Asteroid Belt. After production, IDP approaches earth
due to the combined action of solar gravitation and Poynting-Robertson-Effect (see
chapter 1.2). Other forces, for example interactions with Mars or collisions between dust
particles, are not considered. This also means that changes in mass and size of IDP
during the motion (for example because of collisions) do not occur in the model. Moreover,
corrections due non circular but elliptical orbits are neglected. Furthermore, it is assumed
that the particles have no 4'Ca-content when they are produced. Therefore the obtained
values can be interpreted as a lower limit for the concentration of cosmogenic 4'Ca at 1AU.
The only #'Ca-producing reaction considered in this model is the spallation of iron induced
by cosmic proton irradiation (*®Fe + p — #1Ca). In chapter 2.1 is shown, that this is the
major reaction for the formation of cosmogenic 4'Ca. This model has recently been used
by Auer and seems to comply with measurements [12], [2].

Formula (6) denotes the decay law in combination with production of 4'Ca. N(t) is the

In(2
n(2) , £.=1.03 x 10° yr) and

t1/2
Ps.¢ the production rate of 4'Ca induced by solar (SCR) and galactic (GCR) protons. pg
is assumed to be constant with time, while p; has a time dependence (denoted in formula
(9), explanation follows).

number of 4'Ca atoms, A the decay constant of 4'Ca (A=
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dN (t)
dt

=—AN(t)+ps(t)+ pg (6)

Formula (7) describes the motion of a particle with radius r and density p in a circular orbit
around the Sun due to the Poynting-Robertson-Effect (see chapter 1.2 and equation (12)

J _k
in [6]). a(t) is the distance of the dust particle from the Sun, So |[S)]=1——=1"5| the
m s S

Sun's Luminosity per steradian and c the speed of light. In [8], formulas describing the
motion of IDP on elliptical orbits are derived. In this work, only circular orbits (this means
eccentricity is zero) are considered. So in the formulas in [8], the eccentricity is set to zero.
In addition, [8] derives the formulas for particles that transmit, scatter and absorb a certain
percentage of the incident light. These properties are coded into a quantity called
“efficiency factor’. For an isotropically scattering and non transmitting particle, the
efficiency factor is 1, which is assumed for IDP. In chapter 1.2 it has been mentioned that
particle irradiation has the same effect on IDP as light irradiation. It is assumed, that the
force due to the emitted particles by the sun (the so called solar wind) is 30% [6] of the
force by the Poynting-Robertson-Effect (factor 1.3 = solar light force + solar wind force =
solar light force + 30% * solar light force = 1.3 * solar light force). In the following, a

38
constant k is defined and used as —1.3 2—;):—1.3-5.12- lo“%zk. Putting all the mentioned
C

facts and assumption together results in formula (7). A derivation and deeper explanation
of the Poynting-Robertson-Effect can be found in [8].

The density of IDP is predicted to be p= 2.5 g cm3 ([6], [8], [5], [2]).

Considering the boundary-condition a(t=0)=a,=3 AU , i.e. a particle starting its flight from
the asteroid belt at 3AU, (1 4U~1.5-10"cm ) the equation of motion (formula (7)) can be
solved and resolved for the time of flight “t” (equation (8)).

da(t)_ k
dt  pra(t)

(7)

t=(a§—a(t)2)-ﬂ (8)

Formula (9) states the production-rate of 4'Ca induced by solar cosmic proton irradiation in
dependence of time. Assuming isotropic solar (proton) irradiation @ (i.e. the sun has no
preferred direction for its emission of light and its emission of particles), its intensity at the
particle's position is proportional to the inverse of the squared distance a(t) between dust
particle and sun (“a(t)?”). In addition, the irradiation-intensity is proportional the production-
rate (see explanation in chapter 1.3, especially formula (1)).

ps<f):> Ps 1au Zps(t)
a’(t) (1AU)Y  a’(1)

IA—U) (©)

:>Ps(t):ps,1AU( al?)

Together with the Poynting-Robertson movement (equations (7) and (8)) this allows to
rewrite differential equation (6).

12



dN (t)
dt

>+ Ps 1au (IAU)Z

_|_
, 20t o (10)
a,+——
pr

=—AN(t

Solving the differential equation in formula (10) from t=0 to the time of flight (equation (8)),
one obtains the number of 4'Ca-atoms in dependence of the dust particle's radius r. This
last step is calculated using the computer algebra system “Wolfram Mathematica” (see
figure (6)).

o
. . . e
ExpIntegralEi( x)=— principal value f —dt (11)
ot
B . Pa?
DSolve[-[} [£] = -Ay[t] + ——— + &, y[0] = U}, ¥, t]
b+ ===
bEzap B ag bEag . . R - .
s Z BT z . - [BEzds 2 N [y 3. bEzds
e == -2Rce = +2Rce 22 -g“ PripExpIntegralEl|=— + & PripExpIntegralEi |t A+ =
L ze | L ie
Dut]i}= ¢4y = Function|{t},
b - 2ci
1 e e Bl rip caBlzie M rip a P rip
@=glr, £ ] := e 2c |-2Ace +2Ace = 2¢ —a‘P:'lpEprnt.egr‘alEi[ ]+a‘P:‘lpEprnt.egr‘alEi[‘:}.+—]
- - 2ci 2c 2c
(b*2-a*2)pr
In[4)= £final[r ] = —
- (-Zwc)
[f= [ ] t=g[r, tfinal[r]]
I fr]
pirap |-atet|zao bR eap pizap |-atebd|zio sz
Bt - - e z N TEEzas] z N .Tefzas -a%4B" | rioy
e £« e -2Rkce == +2Rce 2% = -a“ PrioExpIntegralEl | =— +&" PripExplntegralEi| =/ -
L ze | L ze

2ci

Figure (6): Screenshot of Mathematica-file written to calculate N(r). Because of limitations
in Mathematica, some of the variables are named differently in this picture. For
instance, no function in Mathematica can be named “N”. By comparison
between the first line in the picture and formula (10), the variables can be
correlated. The second line is the solution of (10), which is defined as function
of r and t in line 3. The next two commands define the function N(r) (in
Mathematica named “f[r]”), whose analytical expression is written in the last
line. ExplntegralEi is defined in formula (11).

In the last line in figure (6), the formula for the expected number of 4'Ca-atoms N(r) per
target material (°Fe) in interplanetary dust particles with radius r at 1AU is written.
Out of N(r), earth's influx of extraterrestrial 4'Ca-atoms can be calculated. df (r) is the

percentage of the total influx of extraterrestrial mass ([df (r)]=$) between a specific

particle-radius r and r+dr. Then N(r)-df(r):N(r)-dfd—(:)dr is the influx of atoms

originating from IDP with radii between r and r+dr. To obtain the total influx R* of
extraterrestrial 4'Ca-atoms it has to be integrated over all radii r (equation (12)). In [5] a
mass distribution of accreted interplanetary dust is delivered and discussed in detail in
Appendix D.

R=[ arn(r) 420 (12)
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2.3.1 Applying the model

Although the explanation of the model is specifies it for 4'Ca, it can be easily adopted to
every other radionuclide. In order to do that, only the decay constant A, and the production
rates Pg.s.1au Need to be modified.

For 41Ca, the following values are found in the literature:

In(2 o
t,,(+'Ca)=1.03 x 108 yr (see [19]) => M (*'Ca)= n(2) ~6.73-10"° yr™!

t1/2(4lca)

d,
P;=35.93+0.38 kgf?e) (calculated as denoted in the following paragraph)
dpm
kg(Fe)

dpm
kg (Fe)

Psavt pg=24=1 (see [15], [16], [17]) => Ps au=18.1%1.1

dpm

kg(Fe)"
Subtracting the galactic part p; delivers the solar part ps .v. The galactic production
rate p; is estimated using spallation cross sections on iron (Appendix A) and galactic
proton fluxes. Table (2) in Appendix A provides cross-sections for the reaction
%Fe+p—*'Ca at five energies between 300MeV and 1500MeV. In table (4), Appendix B,
galactic proton fluxes at these five energies are listed. Using formula (13), the above
stated production-rate p; can be calculated.

The total production-rate of 4'Ca has been measured to be ps+p;=24=*1

Pe=2. ¢(E)-o(E) (13)
E
For conversion between dpm and dpm , IDP has been assumed to have CIl chondritic
kg (Fe) kg
" . . . dpm dpm
_0/ 56 127182 L%
composition (see Appendix C) i.e. to have 18.2mass-% %¢Fe, i.e. kg (Fe) 0.18 kg

(see chapter 1.3).

In order to perpetuate the lower limit estimations in this chapter, for ps s and A the lower
limits have been put into the model calculation. N(r=d/2) as written in figure (6), can now
be plotted (figure (7)). Note, that in fact the number of 4'Ca-atoms in dependence of the
particle's diameter, not the radius is plotted.
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Figure (7): Number of 4'Ca-atoms N(d) in an interplanetary dust particle with diameter d
after flying from 3AU to 1AU and with no #'Ca-content at 3AU

Integration like denoted in formula (12) yields an accretion rate of R*(41Ca)=6.14-1018;—i.

Normalized to the earth's surface area (earth's radius is 6371km) the accretion-rate is

* (41
R(“'Ca)= R (*'Ca) _120—H

earth's surface area yrem

2.4 Discussion

2.4.1 Upper limit

In the derivation (see chapter 2.2), it is assumed that the fraction xw, of spallation-
produced °3Mn at proton-energies between 180MeV and 1680MeV is smaller than the

X
Mn < l .
xCa

Most probably the ratio between xu, and Xc. is much smaller than one: Comparing the flux
of solar and galactic protons (figure (3)), it can easily be seen that the solar flux is between
two and three orders of magnitude higher than the maximum of the galactic flux. Moreover,
solar proton fluxes become negligible for energies higher than ~500MeV. The proton
induced production cross-section for 33Mn between 10 MeV and 10 GeV varies between
10mb and 200mb [14], i.e. is almost constant. The production of 53Mn seems to be
dominated by the solar protons due to the much higher solar flux at lower energies. For the
production of 4'Ca, most of the solar protons have not enough energy (c(E<100MeV) <
0.1mb). Its contribution to produce #'Ca is probably subordinated. This means that for
41Ca, the most important proton-energies are within the considered range (180MeV -
1680MeV), whereas for the production of 33Mn the probably most important energies (solar
cosmic rays) have been neglected. This statement is equivalent to “the ratio between xun

same fraction xc. for 4'Ca. In the calculation this is introduced by the statement
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and Xca is most probably much smaller than one®. However, the solar proton flux decreases
with the squared distance from the sun (formula (9), p. 12). For a dust particle at 3AU, the
production-rate due to solar protons reduces by a factor of 9.

Another uncertainty arises because the decay of 4'Ca and 3Mn during their flight has been
neglected completely.

In conclusion, the upper limit has a large uncertainty of two or three orders of magnitude.

2.4.2 Lower limit

In the model described in chapter 2.3, it has been assumed, that all the IDP is produced in
the Asteroid Belt at 3AU and has no 4'Ca when produced. A different approach is to
assume the equilibrium concentration. Including a concentration Nsay results in an additive
term: Niaunew = Ni1auod + Naau X €xp(-At). The time of flight can be calculated via formula (8).

The equilibrium-concentration at 3AU is
1AU —1 12 at . )
N.y= + ———|-A =(9.35+0.58)-10 " ———=—= . The shortest time of flight (10um-
3aU— | P6 T Ps 1au 3AU) ( ) kg(Fe) g ( M

particle) is about 53 x 103 yr which is about half the half-life of 4'Ca (compare formula (8)).
For a 200um-particle (maximum of terrestrial influx, see Appendix D) the time of flight is
about one half-life (1.03 x 10° yr). So for a 10um-particle assuming the equilibrium
concentration at 3AU would mean two orders of magnitude more 4'Ca at 1AU (compare
with figure (7)). For a 200um-particle, introducing preliminary 4'Ca means a factor between
3 and 4 more #'Ca at 1AU. Because the maximum terrestrial influx of IDP is at 200um (see
Appendix D), assuming no 4'Ca at 3AU is likely to produce an uncertainty of a factor less
than 10.

Uncertainties because of non-circular orbits can be neglected. IDP originating from the
Asteroid belt can be assumed to be on approximately circular orbits when produced.
Moreover, according to calculations by Burns et al. [8], formula (14) holds for the
eccentricity e. d_j is always negative which means all particles are forced towards having
e=0, i.e. circular orbits. In conclusion, a particle starting with approximately circular orbit
will stay on approximately circular orbits.

d
d—foc—ﬁ with positive proportionalyty-constant (14)
—e

In the model, cometary contribution to IDP is assumed to also originate from the Asteroid
Belt. The uncertainty arising by this assumption is difficult to quantify. However, the
cometary dust might only contribute negligibly to the accretion of IDP on earth [6].

Overall, the uncertainty of the lower limit is about a factor of 10.

2.4.3 Conclusion

at at
The extraterrestrial influx of 4'Ca can lie between 1—— and 10°—— . The most
cm”yr cm”yr

probable influx lies near the lower limit, because the uncertainty of the upper limit much
higher than for the lower limit.
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3 41Ca as tracer for interplanetary dust in
Antarctic show?

3.1 Extraterrestrial 41Ca in Antarctic snow

[41CG]
[allca]

is an important quantity to be measured in Accelerator Mass Spectrometry [24].

I: ¢ aextraterr. ]

[allCa]
in Antarctic ice can be made. In addition to the extraterrestrial influx of 4'Ca, the
deposition-rate R(?'Ca) at the sampling site needs to be known. Calculations show that
particles with radii smaller than 4um have falling times in the time scale of less than 100
days [1] when only gravitation and stokes-friction are taken into account. Compared to the
typical times of flight (see equation (8)) between 10* and 108 years, production of
radionuclides during the time between entering the atmosphere and accretion can be
neglected. In freshly deposited samples, the atomic ratio is equal to the deposition-rates
(see equation (15)).

With the conclusion from the previous page, an estimation of the atomic ratio

|:4lcaextVaterr.] _ Rextrater".(4lca)
all = all (15)
[“Ca] R(“Ca)

3.1.1 [*Cacxraterr]/[?"Ca] at sampling site 73°6.378'S, 165°27.785'E

ng
cmzyr
165°27.785'E, near Antarctica's coast. Using the average molar mass of calcium

M(ca)=4o.08ﬁ [26] and Avogadro's Constant NA:6.022-1023$ [26], the deposition-

rate of @'Ca can be calculated:

a C t .
R( ”Ca)=M'NA <9.32:10"—%— for r(Ca)=62—5— as upper limit
M (Ca) cm’” yr cm” yr

a C t
R( ”Ca):M-NA =3.31-10" az for r(Ca)=22 ngg as average
M (Ca) cm”yr cmyr

In [25], a deposition rate of r(Ca)=22+40 has been determined at 73°6.378'S,

41 41
[ Cclllextmterr.] :Rextrater;( Ca) |S —12 = =1.3- 10715 ]
[“/Ca] R(“Ca) 9.32-10

So the lowest possible value for

Now, the most probable ratio is going to be obtained. In the previous chapter it is
discussed, why the lower accretion-rate of extraterrestrial 4'Ca is most suitable. So for the

o t
extraterrestrial still Ry (' Ca)=12—5— is used, but r(Ca)=22—"2
cm” yr cm” yr
4 41
C . R C 1.2 -
Thus the most probable value for [ je"’””e’”]z e"”"’”,’,'( a) is ———=3.610"
[““Ca] R(“Ca) 3.31-10
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t
Using the upper limit for Reuen (' Ca)=1.4-10 az , the upper limit of the ratio is
cm” yr

3
calculated as LIOM=4.22-10‘12, provided that 7(Ca)=22—"5— is the lower limitation
3.31:10 cmyr

for the deposition-rate.
The AMS set-up at the Maier-Leibnitz Laboratory (MLL) in Garching is capable to measure

41
a ratio of —; own to 10-'%. So, even in the case of the lower limit, the radionuclide
tio of [[ ga% d to 1016, S in th f the | limit, th di lid
a
could be detected at the specified sampling site.
41
, . 1 , . .
Note, that [[a,,ga} varies with _r(Ca) , i.e. strongly depends on the selected sampling site.
a
electing a sampling site with small influx o a (low r(Ca)) results in higher
Selecti li it ith Il infl f alCa (I (Ca)) Its in high
41
extraterrestrial contribution to the measurable quantity [[a”(éa} .
a

3.2 Terrestrial 4'Ca in Antarctic snow

3.2.1 Equilibrium ratio [*'Car.]/[*"Ca]

Besides extraterrestrial produced 4'Ca, also terrestrial produced exists in the snow. At
earth's surface, the production of 4'Ca is mainly cause by thermal neutron capture
40Ca+npnem—*'Ca [4]. The cross-section for this reaction is 0=0.41+0.0256 [4] and the
average neutron flux at Antarctica (to be precise, at geomagnetic latitude 50°) is

o 1
¢p~10"" 5~ [27]. So the equilibrium ratio can be calculated by adapting formula (6) to
cm s

formula (16).

/
0: d[4lcaterr.,eq.]<t) I

41 40 - C terr.,eq.]_q)_O
0 MY Cal(t)+o["Calo 7[40&1] == (16)

[4lcaterr. eq.] —14 . .

— e =2=(1.940.1)-10 " in Antarctica.
["Ca]

Obviously, the terrestrial background cannot be neglected in general (compare with the

extraterrestrial ratio obtained in previous chapter).

In numbers, the equilibrium terrestrial ratio is

3.2.2 Origin of terrestrial Ca

The origin of accreted terrestrial calcium in Antarctica needs to be further researched.
Therefore, no appropriate model for estimating the concentration of accreted [#'Cair] can
be provided in this work. However, when material is freshly deposited, it is usually not in
equilibrium with the environment. Rather than at the sampling site, the equilibrium at the
origin of the terrestrial Ca should be considered. Considering the equilibrium at the
terrestrial origin may still not be an appropriate approach, for example when exhumation
goes faster than the time needed to reach equilibrium. The main production of terrestrial
41Ca is induced by neutron-capture of the stable 4°Ca [*°Ca(n,y)*'Ca] [4]. The neutron flux
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reduces by a factor of ten every 3 meters [4]. So, where high erosion rates occur, the
irradiation time may be too short to reach equilibrium at the surface.

Examination of terrestrial transportation processes is not this work's purpose, so no
detailed discussion on that topic is included. Nevertheless, for tracing interplanetary dust
with 41Ca the origin of terrestrial 4'Ca definitely needs to be considered. In addition such a
model would massively depend on the sampling site, so a general modelling is not
sensible.

3.3 Conclusion

For tracing interplanetary dust by 4'Ca, the sampling site needs to be chosen very
carefully. It has been shown, that the terrestrial background cannot be simply neglected
(see chapter 3.2.1). Moreover, the origin of terrestrial incoming material has to be
examined in order to estimate the terrestrial contribution to [4'Ca]. However, in principle it
should be possible to trace IDP by 4'Ca, when the terrestrial deposition of 2'Ca is small
enough. Different sampling sites should preliminarily be examined for the 2'Ca influx.
When the extraterrestrial material is accreted isotropically on the whole planet, lower 2'Ca
influxes corresponds to higher proportions of extraterrestrial 4'Ca influx.

19



Appendix

A Spallation cross-sections

A.1 *¢Fe+p—*+1Ca and 5Fe+p—>3Mn

Table (2) lists the cross-section for the spallation reactions 56Fe+p—*'Ca and
5%Fe+p—3Mn. These values are plotted in Figure (5).

E[MeV] Ofe ca [MP] E[MeV] Cre_wn [MP]
1500 9.20 + 0.98 1500 38.0 + 1.8
1000 9.70 + 1.00 1000 39.6 + 1.8
750 899 +- 0.96 750 427 +- 2.0
500 6.15 +- 0.66 500 420 + 1.9
300 465 +- 0.50 300 525 + 2.4
100 010 + 0.02 178 64 + 10

Table (2) spallation cross-sections (values taken from [20], [14], [21])

A.2 9Nj+p—*'Ca

Table (3) lists the cross-section for the spallation reactions $Ni+p—*'Ca.

E [MeV] Onica [MP] E [MeV] Cnica [MP]
1600 9.5 +- 0.68 194 1.00 +- 0.29
1200 9.57 +- 0.67 188 0.39 +- 0.07
800 8.08 +- 0.80 172 058 +- 0.07
600  9.50 +- 0.90 148 016 +- 0.02
373 372 + 0.16 140 031 + 0.9
299 248 +- 0.21 98 0.09 +- 0.04

Table (3) spallation cross-sections (values taken from [28])

B Proton flux in cosmic rays

In Table (4), the galactic proton flux distribution used for calculations is listed. In [13], a
differential proton-flux distribution at the top of earth's atmosphere is provided. These
values are measured in between solar minimum and maximum, so the given spectrum
should represent an overall time average. For calculating production rates as described in
chapter 2.3, it is necessary to have absolute (say “integrated”) proton fluxes. The
integration is carried out stepwise for the given intervals. Furthermore, the flux distribution
needs to be adapted to the energies, where spallation cross-sections are available. For
example, all protons with energies between 0.18 and 0.5 GeV are accredited to 0.3 MeV.
Brackets “>” indicate the energy-ranges which are combined (summed).
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differential spectrum integrated spectrum

E [GeV] flux [m?s™" sr’ GeV] E [MeV] Flux [cm?s™]
0.18 - 0.20 651 +- 144
0.20 - 0.23 715  +- 132
0.23 - 0.27 801 +- 115
0.27 - 0.33 845 + 90 300 0.23 +- 0.01
0.33 - 0.40 892  +- 74
0.40 - 0.50 848  +- 62
0.5 - 0.63 793  +- 56 > 500 0.24 +- 0.01
0.63 - 0.8 715 +- 50 > 750 0.15 +- 0.01
0.80 - 1.02 622 +- 42
1.31 - 1.68 425  +- 29 > 1500 0.2 +- 0.01

Table (4): differential and integrated GCR proton flux distribution (differential values taken
from [13]). The flux data is combined as indicated by brackets “>” for use with
the provided spallation cross-sections in Table (2). Further explanation in the
text.

C Average composition of interplanetary dust

The composition of interplanetary dust particles is similar to those of Cl [29] or CM [30]
chondrites, which are listed in table (4). In this work, IDP are assumed to have CI
chondritic composition. As shown in chapter 2.1, the majority of extraterrestrial 4'Ca
originates from spallation of iron. So, assuming CI chondritic IDP in chapter 2.3 means
performing a lower limit estimation.

Cl CM
0 46.0% 43.2%
Fe 18.2% 21.0%
Si 10.5% 12.9%
Ni 1.07% 1.20%
Ca 0.92% 1.27%
other 24.2% 21.7%

Table (4) mean composition of CM and CI chondrites; abundance of elements in mass-%
(values taken from [31])

D Mass and size of accreted IDP

Reference [5] provides a graphical distribution of IDP accreted on earth in dependence of
particles' size. In chapter 2.3, a calculation which needs a tabular distribution is presented.
Unfortunately, no tabularized distribution could be found. So, a method to read the diagram
every um in between 10 and 500 ym needs to be found. One possibility is to find a fit
function to the diagram. Such a function is written as formula (17). Thereby, f is the particle
influx and m(d) the mass in dependence of the dust particle's diameter d. In this work, all
particles are assumed to be spherical with density p, so mass and radius are connected

21



via formula (18). One possibility to check its quality is to plot it in the same diagram as the
original plot. This has been done in figure (8).

1

eXp|— 3
(_ log(d/ um) 4.5 )
df(d) 1625 log(500)—0.4  log(500)—0.4 Lo ke (17)
- 11.4
dlog m(d) 0.4 B log(d/um| N 4.5 yr
g log(500)—0.4 log(500)—0.4
m(d)=24 ] xp (18)
312

Particle diameter (um)
10 20 50 100 200 500 |
l J't' T T fb T 11 |1_$:| 1'153' I | f‘ﬂ'ﬂ' I—

N
o

-
%))

Terrestrial influx
(108 kg year! per log mass interval)
o )

o

9 8 7 -6 5 -4
log Particle mass (g)
Figure (8): This image is originally taken from [5] and slightly modified.

Black curve: Mass distribution from Love and Brownlee [5]
Blue curve: Plotted function denoted in formula (17)

The fit-function is too high for IDP diameters smaller than ~200um and too low for bigger
particles. To summarize, the influx spectrum yielded by the fit is slightly shifted to smaller
kg 10°°

yr log(m)
d=400pm to d=500um, no data is given in the diagram. In this range, the values of the fit-

particles. The highest discrepancy of up to 2

occurs for d~200pum . From
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function cannot be checked. For other diameters (i.e. smaller than 200um) the discrepancy
kg 107
yrlog(m)

In addition to the diagram, Love and Brownlee also state “[integration of the mass
6 kg
yr
only in terms of the mass m using formula (18), allows to integrate the fit-function from
m(d=10um) to m(d=500um) over d(log(m(d)/g). The fit-function delivers a total mass influx

500um
AId) 1o M) )31 100k2

of oum dlog m(d) g yr . So, the total influx is the same, within the

is <1

distribution [...] yields a total accretion rate of 40+20x10 [5]. Rewriting formula (17)

uncertainty.
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