etanyrotection measures

view of Planetary Protection
)bosand Deimos

ESA contract no. 4000112742/14/NL/HI
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Study objectives

A To producedest and simulation data to allow sterilisation limits to be deriyed
support):
I backwardplanetary protection measures essential to support MSR mission studiesM&B0
and ERC)
I relatedtechnology developments (e.g., containment system)

I confirmthe PhobosSampleRetrunplanetary protection category in light of studies indicating
substantial material transfer from Mars to Phobos.
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Study objectives

A Achieving the overall objective is based on a phased approach:
Phase 1 to identify the necessary tests and simulations to achieve the overall objective and to
demonstrate the feasibility of the described tests and simulations.

I Phase 2 to conduct the majority of the tests awhulations.
A Phase 1 completed
A Phase almost complete



Phobos material ejected and lost
(Vesc M ®p 1 YK AU ppopos material ejected into martian orbit,( < ~1.5km/s)

Hypervelocity impact on Phoh6s &

WE BEGIN
HERE

Debris cloud in 3

Mars orbit

recirculation

Partial de
orbit of
material

Most material reimpacts Phobos

Hypervelocity impact
on Mars

Martian material
ejected
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Study consortium

OpenUniversity,

Manish Patel
Vic Pearson

Kallisto
Consultancy

Pete Truscott

ThalesAlenia
Space

David Summers

Fluid Gravity
Engineering Ltc

David Evans

SterLim Phase 2178 November 2017
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Work breakdown structure

STERIM STUDYPHASE? \

Task 4:

Heatinactivation
tests and
modelling

Task 5: Task 6: Task 7: Task 8:
Irradiation Hypervelocity o Activity synthesis
inactivation tests impact tests and ?1?élgflli%al and
and modelling modelling 9 recommendations

{zesa

European Space Agency
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Requirements

A 48 explicitly stated study requirements defined in tB8A Statemerdf Work
I Statistical (4)
I Biological (12)
I Impact test and modelling (17)
I Heat test (6)
I Radiation test and modelling (9)
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RequirememntlO:

The probability that a single unsterilized particle from

Mars» m n inydigmeter is in a sample returned from
t K2024a &aK0ftf 0S X



) Kaflisto s,
‘ {zesa

> Mt )
c = y T v
0 i Haaith =~ E
§' g r:::;l':n:; I V' T.haI?fAlsez,Q!a Consultancy
o :
w ‘= - g - - - - ')
£ 5 SterLim: Sterilisation limits for sample return planetary protection measures . e e

¢CKS Ul ajiX

Howdo we establish Retj0 against the process of transfer of
material from Mars td?hobos and Deimos?



Mt A /) Kallisto
mbic Heattn 5= | halesAlenia
ubic Hea AN, crmsmroen  SDEACE Consultancy

England

The Open
University

SterLim: Sterilisation limits for sample return planetary protection measures

Primary sterilisatiorfactors

A Two processes were specified as the driving sterilising factors
I Radiation
I Impactprocess
A Study aimed at generating lab data supported by context modelling

Impact response of organisms
Heat pulse response of organisms
Radiation response of organisms
Modelling impact process and radiation on Phobos/Deimos
Combine in a statistical model

d=esa

European Space Agency
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Selection of Biological Models

Red80 : The biological model systems shall includeaxt:
I Bacterialspores Biological model Biological model
I Simpleorganisms Coxiella = S —
I Capnophiles
i D.radiodurans

Simple organisms Sirr_lple growth re_quire_ments (RG1),
.. : . diminuta resistance to desiccation
I Resistansmall viruses

(bovine virudiarrhoea)

Short

Why chosen

Deinococcus Deinococcus Resistant to irradiation and
. . D. rad : .
radiodurans radiodurans desiccation

SterLim Phase 2178 November 2017
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Validation of Biological Models

A Biological models were procured and resuscitated by PHE

A Grown to working concentration suspensions
A Assay and recovery from different substrates used in the study:
I Platinum
I Aluminium
I Basalt projectile/simulantegolith target
A Initial studies indicate that the addition of BSA helped to protect the biological

models from desiccation during the drying process
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University
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Issues and Replacement Capnophile

A C. difficilecould not be used during the hypervelocity phase of
the study

A An alternative ACDP hazard group 1 capnophile was selected
after consultation with ESA

A Clostridium bowmanii

A Required something that would grow within the timescales of
the project

A Has strict growth requirements, is not very well characterised
and were unable to make it produce spores within project.

A Following discussions, capnophile abandoned



S Testen
alesAlenia ...
Erons™ -"*"wm"'lSpace Consultancy,

SterLim: Sterilisation limits for sample return planetary protection measures urpeen Soce ey




| ) Kalhist
\eﬁcmm ThalesAlenia :,,,,,,Z,,,,,(,

| England s SPACE

O

European Space Agency

The Open
University

SterLim: Sterilisation limits for sample return planetary protection measures

Heat testset up
To mimic the temperatures and timescales invoke during the HVI experiments

Helium supply with Flow controller
pressure reducer

>

Helium flow line

Data cable to control unit :
S Outlet needle

Connection to computer

T

<—Waste receiver

Control unit Flexible optical cable from
Pyrola to control unit

Computer

el LInir 1 11ov . 1V A AVA'AVIR R VLY | L\J.L7
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Pyrolasystem
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Methodology

Pyrola 2000 - MultiMatic - [cal at 50 - point 3.ttp] =T
Y File Edit Menu Miew Settings Help - 8 x
B[Z]&] 7o | obes | [cal ] 1s0. | Seq. | Frac. | Ramp | | CalData| T0| TR TO-TR |
Title: Cal at 50 - point 3 Operator,  MOG
Comments: 19 Mow 20013 Datedtime:  11/19/2013 11:46:23
100 o -

* Graph. 1
I1: 432 A

900+ i  ms
t2: 20

£50 o
|2 1080 A

800 T 7% °C

750 TR: 788 T

700 - RTp: 161.2 mOhm

E50 — RO 631 mOhm

T B0 *C

EOO

B0

500 I T T I T I T I T 1 Grid
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t[z] F
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Time /s Temperature / °C

200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000

T

European Space Agency

The Open
University

0.125

0.25

0.5

Not/Unlikely to be needed
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European Space Agency
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Heat Tests & Sterilisation ModeAssumptions

A The primary sterilisation mechanism is thermal
I Other potential mechanisms: pressure and acceleration

d=esa

European Space Agency

The effects of heat arcalisedat the
molecular bonds that need to be broken

Pressure

Heat acts over times
that are 5 orders of
magnitude longer than
pressureor acceleration

Temperature

| 0.5
Time (s)

Acceleration

A The organisms will

experience more or less the
same peak pressure and
acceleration so we would
expect an almost binary
sterilisation

Molecular vibrations will
follow aMaxwellian
distribution so there will be
an extended increase in
sterilisationrate with
temperature

9

S

Y

[

O

S

R

4

)

Peak Pressure

Q

S

nd

[

O

§ Thisis what
= we see

Q

)

Peak Temperature
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Heat Tests & Sterilisation ModeAssumptions

The Open
University

A The sterilisation rate is similar to chemical reaction rates
I Damage to DNA, membranes etc. requires breaking of key molecular bonds

I Adopt Arrhenius Rate equation for sterilisation rate:

o’q'lc H(‘) Qu Q‘A(r] .._Y>
: Y
N ¢ Number of organisms
t ¢ time

T ¢ Absolute temperature
Ko, b ¢ model parameters
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Heat Tests & Sterilisation ModeData Fitting

The Open
University

A Given a history of temperature the total sterilisation can be calculated using

O subscriptglenote starting conditions

0 y ®
Y oo {U—> QQ Cb[f] Y_T] Qf e subscripts denote the end state
or equivalently, For the experimentd, is
x v W 323K (50C) and the
% < A DD Y’Q v cooling ratebwas inferred
f YUY / from previous tests with
more detailed data.

where the cooling takes the form Y Y Y YQ
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Heat Tests &
Sterilisation Model
¢ Data Fitting 2

A Least squares fit of Model to
the data

BDim DRad

Spread of data tends to
increase with temperature for
B. dimandD. rad

For BG and MS2 the data
spread is more uniform across
all temperatures
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Heat Tests & Sterilisation ModeError Characterisation

A D. radandB. dimare vegetative bacteriavhereas the BG

organisms were spores and MS2 is a phage
A D. radandB. dimwill be large compared to BG and MSz = "
e B B =)
A Thickness variation in the samples is apparent from sc E @ 0 |
A This will affect the rates of cooling and other thermal ~ © = & = == o
properties o
A This can lead to variation in the measured sterilisation ”
that is proportional toS I reT— P
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Heat Tests & Sterilisation ModeError Characterisation?2
MS2
A Source of data spread: 0
I Experimental > = .
A Applies to all species %-10 .
A Expected to be uniform e .
I Sample thickness 0
A Applies predominantly to the large speci€&s (ad& 0 100 200 300 400
B. dm-) Temperature ( C)
A Proportional to sterilisation . 5 b
[ ]
. " 5 T
A Characterisation of spread allowsfitting =
which can also provide confidence limits £ .
-15
-20
0 50 100 150 200 250 300

Temperature ( C)
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Heat Tests & Sterilisa}tion Model

European Space Agency

@
o B. dim - o BG
°® -2
\ -4 ® Measurements
\ ® ® Measurements -6 99% lower
\ 99% lower -8 —— Best Fit
. -10
e 99% upper g \‘
\ -14 N
T T T T T 1 -16 T T T T T 1
50 100 150 200 250 300 0 100 200 300 400 500 600
0 o
u
. D. rad 2 \ MS2
® -4
a DN
_6 .
8 P .‘\K\ ® Measurements
\ ® Measurements ¢ °® 99% lower
99% lower -10 e Best Fit
\ - Best Fit -12 ——99% upper
\ = 099% upper -14 \
T T T T T .I\ 1

-16
\ 0

50
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Impact test setup (OU)

A Two-stage light gas gun (impaaip to 7km/s)

A Projectiles3 mm dia. Basalt cylindevgith 0.7 mm hole
drilled along axis (organismternal deposition)

A Low (0.5 km/s) to high (1.8 km/s) velocities

SterLim Phase 2178 November 2017
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FASTCAM SA-Z type 2100K-M-16GE
175000 fps

17212211 sec

2hb x 280

Start

frame : 1036

+5.920000 ms
Date : 2016/4/27

Time:12:23
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Test plan

Velocityrange/km s-1

Range 1 Range 2 Range 3 (TBD)

0.5t0 0.75 km/s 1to 1.99 km/s 0.750.99
or
>2 km/s as needed

Impactangle0° (vertical shot) \% \ \%

Impactangle~30-40° (AOR horizontal shot) V V

SterLim Phase 2178 November 2017



The Open

\ s,

_,? kalfisto

5 Py .“ % ThalesAIema Dansiiancy \K‘\:;— esa
=

5 SterLim: Sterilisation limits for sample return planetary protection measures European Space Agency

IMPACT TEST RESULTS AND STERILISATION
MODELLING
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Impact Test Results

0SU6SSY GK2INART 2y Gl f ¢

and vertical shots

Cluster of points which
are expected to
produce Osterilisation
gives an indication of
the experimental
variation.

In(N/No)

Assumed to be
outliers probably due
to loss of a significant
projectile fragment.

0

-12

-18

ad
[
L °
[
n
({ ] d e .
° - [
® [N
° )
[
500 1000 1500

v(m/s)

e BG (vert)

= BG (hor)

e D Rad (vert)

m D Rad(iher

B Dim (vert)

B-Dim (hor)

e MS2 (vert)

= MS2 (hor)

{zesa

European Space Agency

Gl 2NRT 2y al € €

with the gun horizontal and
the target tilted so actually
about 40 to the vertical.

Large variation in
sterilisationfor
nominally similar
conditions.
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Impact Test ResultsModelling the Impact Tests

FASTCAM SA-Z type 2100K-M-16GB

FASTCAM SA-Z type 2100K-M-16GB _ i i 175000 fps
Kol The material properties in _ .
| the hydrodynamic i
simulations have been fame 1653
adjusted to match the SN 7
impact dynamics of the e
experiments.

The propagation speed of
the expanding opening has =
been matched.

The pattern of the ejecta
cone haeen matched.
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{zesa

Impact Test ResultsTemperature of the organisms

A The hydrodynamic model allows the 00 |

heat energy transferred to the
organisms to be computed.

A After transient effects the specific
energy settles down after abouts.

Initial specific
energy

320000
=
X
—= 300000 t
&
@
[
I 280000
w©
[
T
£ 260000 }
u
?E
/%l/d[ﬁa |
220000 F
200000

uropean Space Agency

G{ 0SIIRe&¢g
temperature

N\

0

2%x10°F

4x10°® Ex10°F &x10°F
Time (s)

1%107>
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Impact Test ResultsEnergy Transfer

d:zesa

European Space Agency

Upper and lower
limits estimated
for the transfer

. . _ _ - function
A Heating is characterised using the o o
Energy Transfer Function = Specific  g,.. //. ’ /
Energy Added after Transients / g or2 7 .
. . g . . T 0.1 e Simulations
Incident Specific Kinetic Energy E / . o
20 ., .
I Fraction of kinetic energy in projectile £ 0.06 e — Lower
converted to heat. — _ S 0,01 ’ e
Initially fairly S
constant but then . . | | | |
becomeshighly 0 500 1000 1500 2000 2500
variable v (ms)

The transfer function is modelled assuming that a real projectile will
break up over a range of velocitiests strength will be variable
whereas the hydrodynamic model is uniform

This point corresponds
to the projectile
disintegrating so that it
follows thechaotic
flow.
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Hydrodynamics

Sterilisation
Predictions

o —.) Kalfisto
Pubic Health ThalesAlenia :
England s eees - SPOCE Consultancy

G
<
= 300000 t
&
ﬁ 2
=4
& 280000
@
=4
5
£ 260000
=
.‘E
2 240000 |
1]
220000 |
200000
2
a
2
-4
— ©
4

340000

320000

SterLim: Sterilisation limits for sample return planetary protection measures

Impact Test Resu

N A
0 2x1‘0-5 4x1lo 6 6110 axw‘o-ﬁ 1x10°°
Time (s)
Heating
Tr—= BG
— ;‘;\ Measureme: nts
*y )\ W% lower
‘._ Best Fit
\\;99% upper
[1] 100 200 300 400 500 600
SterilisationModel

lisimpact Model

d=esa
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0.18

0.16 e
& /
£ =
=04 -
{ -]
= /
'g 0.12 / .
E 0.1 / / *  Simulations

ﬁ i L]
_,E 0.08 - /—, . =W odel
]
¥ “ —

£ oos TR Lower
.
£ 004 T Upper
-

0.02

i) T T T T v
i S00 1000 1500 2000 2500
w |my's]

Energy Transfer Function

Cooling rate?

This last remaining parameter is
A Difficult to measure
A Not the same as in the heat tests

It is determined for each species by
fitting the impact model to the impact
test data
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Impact Test Resultsimpact Model 2

In(Ne/NO)

In(Ne/NO)
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limits as per £ 10 u
Energy Transfer
Function 5
Offset due to 20
assay efficiency 0 500 1000 1500 2000 2500
500 1000 y (m/s) 1500 2000
v (mis) calculated from ; v (mis)
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Phobos Impact Modelling

A The necessary components are now in place to allow application to Phobos impact

A Obijective: Produce a model for impact sterilisation that can be used by the
statistical analysis
I Hydrodynamic simulation can be used to develop this but the model will need to be simpler
il £S@OSt 2F 0AUNIYOUGA2Y G2 Yy GSYIAYSSNAYIT )
I Most of this is in place with the sterilisation model etc.
I How can we construct a suitable energy transfer function or similar?
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Phobos Impact Modelling Spherical Projectiles

A The impact modelling will employ spherical projectiles

.
behaviou

Given that significant impacts will result in disintegration of the projectile and subsequent

r is fluidike, shape is unlikely to be important

A The heat transfer will be studied across the entire projectile

The Energy Transfer function is now dependent of spatial variables as well as impact velocity
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Phobos Impact Modelling Projectile Distortion
A As the impact proceeds the projectile material is strongly distorted and heated

Strong distortion

R (x107<3 m)

G

Impact Velocity

Strongest heating
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Phobos Impact Modelling Energy Transfer

A Energy Transfer
function shows peak
heating around leading
GaK2zdzZ RSNE
average over many
Impact speeds from
500 m/s to 2000 m/s.

A large volume of the
projectileis barely
heated at all

®04-05

Hp203 0,304
™

®0-0.1

Q3

oa

!
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e

Most strongly
heated
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A Scalingg the Phobos impact model has no intrinsic
length-scale so it should scalgyydrodynamically
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European Space Agency

Phobos Impact Modelling Other Factors

doubling the size also doubles the tirseale.

Modelling shows thatingle of incidencdnas little
effect up to 48 as has also been seen in the

experiments. Beyond this the there is an increasing

amount of projectile mass that is reflected off.

100
90 °
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40
30

Percentage of Mass Ejected

20 °
10

0
0 10 20 30

Angle of Incidence

40

Reflected Projectile
material g relatively cool
so largelyunsterilised
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Radiation test setupgamma

AOrganisms dried onto Al strips

A Strips sealed inside vacuum
chamber

Alnert atmosphere (pure
AKept at-80°C during irradiations

A1, 3,10, 25, 50, 75 and 18Gy
doses

SterLim Phase 2178 November 2017
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Radiation test setuig proton/alpha

A Organisms dried onto Al strips

A Cryogenicacuum chamber witlicooled)
slidingsamplemount behind a beam mask

A Multiple irradiations without breaching
vacuumseal

Cable tidies
affixed to restrig
push/pu
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Test plan

Proton I

\rradiation Energy | TID TID Fluence Flux Time to irradiate

G amma (MeV) | (krad) | (kGy) (protons.cm?) | (protons.cm2.st) | all samples (hrs)
7.5 75 0.1

0.75 8.2E+10 6.0E+08
SynergyHealth

300 3 3.3E+11 6.0E+08 0.3

SE SR ki) (hrs) 2500 25 2.7E+12 6.0E+08 1.3
5000 50 5.4E+12 6.0E+08 2.5
00 & & 2 7500 75 8.2E+12 6.0E+08 3.8
300 3 2 15 10000 100 1.1E+13 6.0E+08 5.0
1000 10 2 5.0
K{00]0] 25 2 15.0
<10/0]0] 50 2 25.0 AI p h a
7500 75 2 375 . Energy TID Fluence Flux Time to irradiate
10000 100 2 50.0 (MeV) (krad) (helium.cm?) | (helium.cm?.s?) all samples (hrs)

10.0 75 0.75 8.77E+09 8.00E+07 0.1
10.0 300 3 3.51E+10 8.00E+07 0.2
10.0 1000 10 1.17E+11 8.00E+07 0.8
10.0 2500 25 2.92E+11 8.00E+07 1.0
Part 2 10.0 5000 50 5.85E+11 8.00E+07 2.0
10.0 7500 75 8.77E+11 8.00E+07 3.0
10.0 10000 100 1.17E+12 8.00E+07 4.1

SterLim Phase 2178 November 2017
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RADIATION TEST RESULT-SESE AND
STERILISATION MODELLING
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Phase 1 Irradiation Results
A gray results showed general consistency for *| iy
D.radioduransandB.atrophaeusB. ‘ cpha
diminutashowed no survival at anyray 1 ‘ —
dose 3 : :
A Proton anda-particle results showed g-
significant anomalie®.g.: 5 .
I No clear trend in proton dosé( rad or antt
correlation 8. din) 3
I Inconsistent trend with increasing LIETg.a vs. :
g(D. rad MS2 & possibl. dim Bratrophaeus ‘
I Very high survival, and similar trends for p and i I — 100

for MS2
I Non-monotonic trendin gfor MS2
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Potential Causes of Anomalies (1)

A range of possible causes has been

considered, including:

A Thickness of sample affecting ions?
Problems greater for longaange protons | S

A Effects of straggling?

A Contamination of edges?
Significant care taken during slide handling ~ |{ -
A Crosscontamination of slides? "
G.tFry1é at ARSa éKZéSﬁ':'v
A Energies of fa lower than expected and '

F

®
N
QO

European Space Agency

Thickness of samples measured ast@(max

e
D. rad

9

3

== pe
[ 4

SRIM simulations indicate goadpenetration

H
SO Y '
WailerLigquid [ICRI

100 um

Depth vs. Y-Axis

— Target Depth —

stopped early

Beamline monitor slightly upstream and close
to outlet pipe: showed particles being detected
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Potential Causes d&nomalies (2)

10!

Sporicidal effectiveness
of X-rays and HZE particles
relative to protons

10° | "

p X-rays He C Si Ar Fe
LET (keV/pm): 04 22 12 50 9% 200
218 150 150 400 4% S00 500

MeV  keV MeV/n
(19 mA)

Energy:

Sporicidal rate of B. subtilis spore strains as a function of particltr?n

species. All particles deliver same dose but different LETs
(Moeller et al, 2012)

at
yatial

Site

age A Temperature effects

Greater loss of microrganisms at RT,
particularly MS2 an@.diminuta

Positive samples (controls) did not follow the

same temperature cycle
G/ 2f R LI2aAldA@Saé

Ay asS

different temperature cycle, but sensitivity of

corrections to assumed environment?

A Nonstandard LET response

Such response not expected <1k mm
unless dealing with special caseg].partial

penetration of cells (Moeller)



Nt P » O ) Kallisto wr‘f}.
Pubic Health %f Tbal?fAlsez,Q!a Consultancy &\\\;\—Eesa

England

European Space Agency

The Open
University

SterLim: Sterilisation limits for sample return planetary protection measures

Strategy

A Sensitivity of temperature dependence on survival appears to be important for
irradiations: pa andg

A Repeatyirradiations for MS2 an8.diminutac easier to conduct and more
generally controllablecompared to pa

A Also included.radioduranssince uncertainty about BGyresults

A Apply tight controls on temperaturghroughout for samples and positives

A Generate models based gonly
I Ignoring higheiLET intended to represent worsase
I Consider returning to @ irradiations in possible future activity
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Phase 2 Irradiations and Basis of Model

A Model follows variation of Moelleet al
(2012):
5
= AAEO)d! T
-3.0 N l’j ,O
I ‘ Py
..0 ) e
y I D = absorbed dose;/N,= fraction surviving
, A From outset ofSterLim assumed no repair
— mechanisms active
70 | : - - " A Expdependence originally preferred as
Ttal loising Dose (kGy) simplified calculation for doses from

different LETs
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Final Model Parameters Using Phase 1 & 2 Irradiations

'.oln(N/N.n)

* G irradiation results

= = Fit + 3*sigma
- = Fit + 1*sigma
—Fit
=== Fit - 1*sigma
=== Fit - 3*sigma

N,

D
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W
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B. atrophaeus RS
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Total lonising Dose (kGy)
* G irradiation results

 logulN/Ny)

D. radiodurans

= = Fit + 3*sigma
- = Fit + 1*sigma
—Fit

=== Fit - 1*sigma
=== Fit - 3*sigma
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* G irradiation results
b = = Fit + 3*sigma
1 .
x d - = Fit + 1*sigma
+ TS —Fit
RN ¥ . R
R K === Fit - 1*sigma
SO~ === Fit - 3*sigma
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MS2 coliphage N N
S OSONCY
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Total lonising Dose (kGy)
+ Gamma irradiation results
—Fit
= = Worst of 3 samples
B. diminuta
5 10 15 20 25 30

Total lonising Dose (kGy)

DLlETlLITl Friase £:'+o" Novellriper Zul s/

Bl

B.atrophaeus

D.radiodu

MS2coliphage

B.diminuta

1.73° 0.03

R =0.997
5.26° 0.33

R =0.959
9.27° 0.33

R =0.982

Py
I

(N/A)
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Source Particle Conditions (GCR & SEP)

= 1E+10
700 T —+—Protons {SEPEM-based)

T 16+09 wy ——Protons (GLE-based)

; 600 p g A » Proton (weighted average)
>

s ® 1E+08 ~#-Alphas (SEPEM-based)

p 500 i o

€ 400 r 1E+07

> [

£ 300 H g 1506

2 :

e | b

g 200 S 11405

455 g

m o

2 100 | r r QT N

a :

0 F
§ 1.E+03
-100 F
A i ' L 1 1 A 1 A 1.5+07
9000 8000 7000 6000 5000 4000 3000 2000 1000 0 1 10 100 1000
Time (years BP) Energy [MeV/nuc]

Energy [MeV]

A 1SGQ15390 cosmic ray model for H to Ni A SolarH & He GOES+SMS data 12045
and differenthelio-potentials £) from ESA SEPEM reference dataset

A Steinhilberet alfor F results from A Augmented with GLE data for 43 events
9000yrsBP to present (19562006)analysed by Tylkat al
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Irradiated Geometry / Primordid®adioactivity

Phobossurface represented as: Primordial radioactivity adds third
A Semiinfinite planar surface, 10 m deep source of ionisation
A (Hzoiné)%ﬁ%eous composition and density A 232Th 238 and*K based on Browet
A Composition based ofagish Lake al analysis for Tagish Lake meteorite

meteorite (carbonaceoushondrite) e T e
A Isotropic irradiation for planar surface S SIS conilerrT;lae’[ion
A Dose and flux determined as function of in soil [PPB

depth: DL 1.413 10% 40° 8

I 1 mm layers to m; 238U 4.493 10° °

|
i 1cm layers from &m to 5¢cm; 1.253 10° 78° 6
I 2.5cm layers from &£m to 50cm;

I 10cm layers from 5@m to 1m.
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Geant4 Simulations

A Geant4Monte Carlo simulationperformed for each ion and intervals fin(for GCR)

A Simulations covered spectra decades separately and results recombined
Improved statistics for high energy

A Geant4 v10.1 patch 2 with GRAS v3.4

A Physics used:
I Standard EM physics witbption 3

I ParticleHHor low energies
I Liegeintranuclearcascade (INCL++) for intermedi&teergies

I Fritof (FTF) fohigh-energyionsZ? 2; QGS for higlenergy protons/neutrons
A TID, particle fluxes and LET spectra recorded at boundaries
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Dose Versus Depth (GCR & SEP)

1.E-01
S o D= Average ==LET>0.0 MeVem2/g
TN —-LET>69 MeVem2/g
e || 232Th 238U &4K dose
'E = I 1
s 232Th, 28U &K dose
.g 1.6-03 J‘
g
2
cioa L L VL VL PPN Iyl TETEEEEEEEEEEESES — -
1E-05
0.0 10 2.0 3.0 4.0 5.0 6.0
| Depth [m]

A Approximate exponential decrease in dose A Softer spectrun¥ steep dose vs depth
versus depth
A Harder spectruny

I affects greater depths
I Doses may initially increase for larger



