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INTRODUCTION AND WELCOME



SterLim: Sterilisation limits for sample return planetary protection measures

SterLim Phase 2: 7th-8th November 2017 

Study objectives

ÅTo produce test and simulation data to allow sterilisation limits to be derived (to 
support):
ïbackward planetary protection measures essential to support MSR mission studies (e.g., MSR-O 

and ERC)

ï related technology developments (e.g., containment system)

ïconfirm the PhobosSample Retrunplanetary protection category in light of studies indicating 
substantial material transfer from Mars to Phobos.
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Study objectives

ÅAchieving the overall objective is based on a phased approach:
ïPhase 1 to identify the necessary tests and simulations to achieve the overall objective and to 

demonstrate the feasibility of the described tests and simulations.

ïPhase 2 to conduct the majority of the tests and simulations.

ÅPhase 1 completed

ÅPhase 2 almost complete
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Contamination of Phobos by Mars

recirculation

Mars

Phobos

Debris cloud in 
Mars orbit

Hypervelocity impact 
on Mars Martian material 

ejected

Hypervelocity impact on Phobos

Phobos material ejected into martian orbit (Vesc< ~1.5km/s)

Most material re-impacts Phobos

Partial de-
orbit of 
material

Phobos material ejected and lost 
(Vescҗ мΦр ƪƳκǎύ

WE BEGIN 
HERE
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Work breakdown structure

STERLIM STUDYPHASE2

Task 4: 

Heat inactivation 
tests and 
modelling

Task 5: 

Irradiation 
inactivation tests 

and modelling

Task 6:  

Hypervelocity 
impact tests and 

modelling

Task 7: 

Statistical 
modelling

Task 8:  

Activity synthesis 
and 

recommendations
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Requirements

Å48 explicitly stated study requirements defined in the ESA Statement of Work
ïStatistical (4)

ïBiological (12)

ï Impact test and modelling (17)

ïHeat test (6)

ïRadiation test and modelling (9)
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Requirement-10:

The probability that a single unsterilized particle from 
Mars җмл ƴƳ in diameter is in a sample returned from 

tƘƻōƻǎ ǎƘŀƭƭ ōŜ Җ 1×10-6
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¢ƘŜ ǘŀǎƪΧ

How do we establish Req-10 against the process of transfer of 
material from Mars to Phobos and Deimos?
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Primary sterilisationfactors

ÅTwo processes were specified as the driving sterilising factors 
ïRadiation

ï Impact process

ÅStudy 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
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BIOLOGICAL MODELS
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Selection of Biological Models

Req-80 : The biological model systems shall include at least:
ïBacterial spores 

ïSimple organisms (Coxiella)

ïCapnophiles

ïD. radiodurans

ïResistant small viruses 
(bovine virus diarrhoea)

Biological model 
group

Biological model 
identified

Short 
name

Why chosen

Bacterial spores Bacillus atrophaeus BG
Most hardy, resistant to dry 
heat/desiccation

Simple organisms
Brevundimonas 
diminuta

B. dim
Simple growth requirements (RG1), 
resistance to desiccation

Capnophiles Clostridium difficile C. difficile Requires CO2 to grow, hardy spores

Deinococcus 
radiodurans

Deinococcus 
radiodurans

D. rad
Resistant to irradiation and 
desiccation

Resistant small 
viruses

MS-2 coli phage MS2
No cell culture (reduced processing 
time), some resistance to desiccation, 
can be grown to 1012 per ml
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Validation of Biological Models

ÅBiological models were procured and resuscitated by PHE

ÅGrown to working concentration suspensions

ÅAssay and recovery from different substrates used in the study:
ïPlatinum

ïAluminium

ïBasalt projectile/simulant regolith target

Å Initial studies indicate that the addition of BSA helped to protect the biological 
models from desiccation during the drying process
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Issues and Replacement Capnophile

ÅC. difficile could not be used during the hypervelocity phase of 
the study

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

ÅClostridium bowmanii 

ÅRequired something that would grow within the timescales of 
the project

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

ÅFollowing discussions, capnophile abandoned
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HEAT TEST SETUP AND TEST PLAN
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Heat test set up
To mimic the temperatures and timescales invoke during the HVI experiments
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Pyrolasystem
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Methodology
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Priority 1 2 3 4 5 

Time /s Temperature / °C 

200 300 400 500 600 700 800 900 1000 
0.125          
0.25          
0.5          
1     Not/Unlikely to be needed 
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HEAT TEST RESULTS AND STERILISATION 
MODELLING
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Heat Tests & Sterilisation Model - Assumptions
ÅThe primary sterilisation mechanism is thermal
ïOther potential mechanisms: pressure and acceleration

Temperature

Time (s)
0.5

Pressure

Acceleration

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

Å The organisms will 
experience more or less the 
same peak pressure and 
acceleration so we would 
expect an almost binary 
sterilisation.

Å Molecular vibrations will 
follow a Maxwellian
distribution so there will be 
an extended increase in 
sterilisationrate with 
temperature
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Peak Pressure

Peak Temperature

This is what  
we see

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



SterLim: Sterilisation limits for sample return planetary protection measures

SterLim Phase 2: 7th-8th November 2017 

Heat Tests & Sterilisation Model - Assumptions

ÅThe sterilisation rate is similar to chemical reaction rates
ïDamage to DNA, membranes etc. requires breaking of key molecular bonds

ïAdopt  Arrhenius Rate equation for sterilisation rate:

Ὠὔ

Ὠὸ
ὯὔὩὼὴ

ὦ

Ὕ

N ςNumber of organisms
t ςtime
T ςAbsolute temperature
k0, bςmodel parameters

Ὕ

ϳὨὔὨὸ

ὔ

O
ϳὦς

Ὧ
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ÅGiven a history of temperature the total sterilisation can be calculated using

or equivalently, 

where the cooling takes the form

Heat Tests & Sterilisation Model ςData Fitting

Ὓ ὰὲ
ὔ

ὔ
ὯὩὼὴ

ὦ

Ὕ†
Ὠ†

0 subscripts denote starting conditions
e subscripts denote the end state

Ὕ Ὕ Ὕ Ὕ Ὡ

Ὓ
Ὧ

‍

ÅØÐ ϳὦὝ

Ὕ Ὕ
ὨὝ

For the experiments Te is 
323K (50°C) and the 
cooling rate bwas inferred 
from previous tests with 
more detailed data.
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Å Least squares fit of Model to 
the data

Heat Tests & 
Sterilisation Model 
ςData Fitting - 2

	 	

B	Dim	 D	Rad	

	

	
	

BG	 MS2	

 

Spread of data tends to 
increase with temperature for 
B. dim and D. rad 

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

ÅD. rad and B. dim are vegetative bacteria whereas the BG 
organisms were spores and MS2 is a phage

ÅD. rad and B. dim will be large compared to BG and MS2

ÅThickness variation in the samples is apparent from scans

ÅThis will affect the rates of cooling and other thermal 
properties

ÅThis can lead to variation in the measured sterilisation 
that is proportional to S.
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Heat Tests & Sterilisation Model ςError Characterisation - 2

ÅSource of data spread:
ïExperimental

ÅApplies to all species

ÅExpected to be uniform

ïSample thickness

ÅApplies predominantly to the large species (D. rad & 
B. dim)

ÅProportional to sterilisation

ÅCharacterisation of spread allows c2 fitting 
which can also provide confidence limits
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Heat Tests & Sterilisation Model
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IMPACT TEST SETUP AND TEST PLAN
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Impact test setup (OU)

ÅTwo-stage light gas gun (impacts up to 7 km/s)

ÅProjectiles: 3 mm dia. Basalt cylinders with 0.7 mm hole 
drilled along axis (organism internal deposition)

ÅLow (0.5 km/s) to high (1.8 km/s) velocities
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Test plan

Velocityrange/km s-1

Range 1

0.5 to 0.75 km/s

Range 2

1 to 1.99 km/s

Range 3 (TBD)

0.75-0.99

or

>2 km/s as needed

Impactangle0° (verticalshot) V V V

Impactangle~30-40° (AOR,horizontalshot) V V V
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IMPACT TEST RESULTS AND STERILISATION 
MODELLING
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Impact Test Results
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άIƻǊƛȊƻƴǘŀƭέ ǎƘƻǘǎ ŀǊŜ ǘƘƻǎŜ 
with the gun horizontal and 
the target tilted so actually 
about 40o to the vertical.

No discernible difference 
ōŜǘǿŜŜƴ άƘƻǊƛȊƻƴǘŀƭέ 
and vertical shots

Cluster of points which 
are expected to 
produce 0 sterilisation
gives an indication of 
the experimental 
variation.

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

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

The material properties in 
the hydrodynamic 
simulations have been 
adjusted to match the 
impact dynamics of the 
experiments.

The pattern of the ejecta 
cone has been matched.

The propagation speed of 
the expanding opening has 
been matched.
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Impact Test Results ςTemperature of the organisms

ÅThe hydrodynamic model allows the 
heat energy transferred to the 
organisms to be computed.

ÅAfter transient effects the specific 
energy settles down after about 5ms.

Initial specific 
energy

ά{ǘŜŀŘȅέ 
temperature
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Impact Test Results ςEnergy Transfer

ÅHeating is characterised using the 
Energy Transfer Function = Specific 
Energy Added after Transients / 
Incident Specific Kinetic Energy
ïFraction of kinetic energy in projectile 

converted to heat.
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Impact Test Results ςImpact Model

Hydrodynamics
Heating

Energy Transfer Function

SterilisationModel

Sterilisation
Predictions

Cooling rate?

This last remaining parameter is
Å Difficult to measure
Å 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 Results ςImpact Model - 2
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IMPACT MODELLING RESULTS
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Phobos Impact Modelling

ÅThe necessary components are now in place to allow application to Phobos impacts 

ÅObjective: Produce a model for impact sterilisation that can be used by the 
statistical analysis
ïHydrodynamic simulation can be used to develop this but the model will need to be simpler

ï! ƭŜǾŜƭ ƻŦ ŀōǎǘǊŀŎǘƛƻƴ ǘƻ ŀƴ άŜƴƎƛƴŜŜǊƛƴƎ ƳƻŘŜƭέ ƛǎ ǊŜǉǳƛǊŜŘ

ïMost of this is in place with the sterilisation model etc.

ïHow can we construct a suitable energy transfer function or similar? 
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Phobos Impact Modelling ςSpherical Projectiles

ÅThe impact modelling will employ spherical projectiles
ïGiven that significant impacts will result in disintegration of the projectile and subsequent 

behaviour is fluid-like, shape is unlikely to be important

ÅThe heat transfer will be studied across the entire projectile 
ïThe Energy Transfer function is now dependent of spatial variables as well as impact velocity
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Phobos Impact Modelling ςProjectile Distortion
ÅAs the impact proceeds the projectile material is strongly distorted and heated

Strong distortion 

Strongest heatingImpact Velocity
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Phobos Impact Modelling ςEnergy Transfer

ÅEnergy Transfer 
function shows peak 
heating around leading 
άǎƘƻǳƭŘŜǊέΦ  ¢Ƙƛǎ ƛǎ ŀƴ 
average over many 
impact speeds from 
500 m/s to 2000 m/s.

Most strongly 
heatedA large volume of the 

projectile is barely 
heated at all
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Phobos Impact Modelling ςOther Factors
Å Scalingςthe Phobos impact model has no intrinsic 

length-scale so it should scale hydrodynamicallyς
doubling the size also doubles the time-scale.

Å Modelling shows that angle of incidence has little 
effect up to 45o as has also been seen in the 
experiments. Beyond this the there is an increasing 
amount of projectile mass that is reflected off. 

Reflected Projectile 
material ςrelatively cool 
so largely unsterilised
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RADIATION TEST SETUP AND TEST PLAN
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Radiation test setup- gamma

ÅOrganisms dried onto Al strips

ÅStrips sealed inside vacuum 
chamber

ÅInert atmosphere (pure N2)

ÅKept at -80°C during irradiations

Å1, 3, 10, 25, 50, 75 and 100 kGy
doses
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Radiation test setupςproton/alpha

Wire feedthrough 
for temperature 

sensor and heater

Markings used to 
aid alignment

Cable tidies 
affixed to restrict 

push/pull 
movement

ÅOrganisms dried onto Al strips

ÅCryogenic vacuum chamber with (cooled) 
sliding sample mount behind a beam mask

ÅMultiple irradiations without breaching 
vacuum seal
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Test plan

TID

(krad)

TID

(kGy)

SynergyHealth

Doserate

(kGy.hr-1)

Time

(hrs)

100 1 2 0.5

300 3 2 1.5

1000 10 2 5.0

3000 25 2 15.0

5000 50 2 25.0

7500 75 2 37.5

10000 100 2 50.0

Irradiation
Energy 

(MeV)

TID      

(krad)

TID           

(kGy)

Fluence 

(protons.cm-2)

Flux             

(protons.cm-2.s-1)

Time to irradiate 

all samples (hrs)

Part 1

7.5 75 0.75 8.2E+10 6.0E+08 0.1

7.5 300 3 3.3E+11 6.0E+08 0.3

7.5 1000 10 1.1E+12 6.0E+08 1.0

Part 2

7.5 2500 25 2.7E+12 6.0E+08 1.3

7.5 5000 50 5.4E+12 6.0E+08 2.5

7.5 7500 75 8.2E+12 6.0E+08 3.8

7.5 10000 100 1.1E+13 6.0E+08 5.0

Irradiation
Energy 

(MeV)

TID      

(krad)

TID           

(kGy)

Fluence 

(helium.cm-2)

Flux             

(helium.cm-2.s-1)

Time to irradiate 

all samples (hrs)

Part 1

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

Part 2

10.0 2500 25 2.92E+11 8.00E+07 1.0

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

Gamma
Proton

Alpha
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RADIATION TEST RESULTS, RE-TEST AND 
STERILISATION MODELLING
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Phase 1 Irradiation Results

Åg-ray results showed general consistency for 
D. radioduransand B. atrophaeus; B. 
diminutashowed no survival at any g-ray 
dose

Å Proton and a-particle results showed 
significant anomalies, e.g.:
ïNo clear trend in proton dose (D. rad) or anti-

correlation (B. dim)

ï Inconsistent trend with increasing LET, e.g.avs. 
g(D. rad, MS2 & possibly B. dim)

ïVery high survival, and similar trends for p and a
for MS2

ïNon-monotonic trend in gfor MS2
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Potential Causes of Anomalies (1)

A range of possible causes has been 
considered, including:
Å Thickness of sample affecting ions?
ïProblems greater for longer-range protons
ïThickness of samples measured as 20mm max

Å Effects of straggling?
ïSRIM simulations indicate good a-penetration

Å Contamination of edges?
ïSignificant care taken during slide handling

Å Cross-contamination of slides?
ïά.ƭŀƴƪέ ǎƭƛŘŜǎ ǎƘƻǿŜŘ ƴƻ ŎƻƴǘŀƳƛƴŀǘƛƻƴ

Å Energies of p/alower than expected and 
stopped early
ïBeamline monitor slightly upstream and close 

to outlet pipe: showed particles being detected

º50-100mm

Unexposed material?

 

D. radiodurans B. diminuta 

MS2 coliphage B. atrophaeus 
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Potential Causes of Anomalies (2)

Å Non-uniformity of p/abeam; poor coverage
ïResults from different samples irradiated at 

same time does not conclusively show spatial 
dependence of anomalies

Å Ionisation track diameter
ïOU experience from CCD irradiations

ïCould have affected lower-dose levels, e.g.
<10 kGyfor aand at 1kGyfor p

ïShould affect amore than p: we see opposite

ÅMaterial activation
ï p/aenergiesvery low to cause significant 

activation

ïActivation should cause greater sterilisation

Å Temperature effects

ïGreater loss of micro-organisms at RT, 
particularly MS2 and B. diminuta

ïPositive samples (controls) did not follow the 
same temperature cycle

ïά/ƻƭŘ ǇƻǎƛǘƛǾŜǎέ ƛƴǘŜƴŘŜŘ ǘƻ ŎƻǊǊŜŎǘ ŦƻǊ 
different temperature cycle, but sensitivity of 
corrections to assumed environment?

ÅNon-standard LET response

ïSuch response not expected <100 keV/mm 
unless dealing with special cases, e.g.partial 
penetration of cells (Moeller)

Sporicidal rate of B. subtilis spore strains as a function of particle 
species.  All particles deliver same dose  but different LETs 
(Moeller et al, 2012)
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Strategy

ÅSensitivity of temperature dependence on survival appears to be important for 
irradiations: p, aand g

ÅRepeat g-irradiations for MS2 and B. diminutaςeasier to conduct and more 
generally controllablecompared to p/a

ÅAlso included D. radioduranssince uncertainty about 3 kGyresults

ÅApply tight controls on temperature throughout for samples and positives

ÅGenerate models based on gonly
ï Ignoring higher-LET intended to represent worst-case

ïConsider returning to p/airradiations in possible future activity
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Phase 2 Irradiations and Basis of Model

ÅModel follows variation of Moeller et al
(2012):

ὔ

ὔ
ÅØÐlὈȡl π

ÌÎ
ὔ

ὔ
ὰὲρπ

Ὀ

Ὀ

ïD = absorbed dose; Ni/N0 = fraction surviving

Å From outset of SterLim, assumed no repair 
mechanisms active

Å Exp-dependence originally preferred as 
simplified calculation for doses from 
different LETs
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Final Model Parameters Using Phase 1 & 2 Irradiations

Micro-organism D10 [kGy]

B. atrophaeus
1.73 °0.03

R = 0.997

D. radiodurans
5.26 °0.33

R = 0.959

MS2 coliphage
9.27 °0.33

R = 0.982

B. diminuta
0.24

R = (N/A)
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RADIATION MODELLING RESULTS
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Source Particle Conditions (GCR & SEP)

Å ISO-15390 cosmic ray model for H to Ni 
and different helio-potentials (F)

ÅSteinhilberet al for Fresults from
9000 yrsBP to present

ÅSolar H & He GOES+SMS data 1974-2015 
from ESA SEPEM reference dataset

ÅAugmented with GLE data for 43 events 
(1956-2006)analysed by Tylka et al
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Irradiated Geometry / Primordial Radioactivity 

Phobossurface represented as:
Å Semi-infinite planar surface, 10 m deep
Å Homogeneous composition and density 

(2.1 g/cm3)
Å Composition based on Tagish Lake 

meteorite (carbonaceous chondrite)
Å Isotropic irradiation for planar surface
Å Dose and flux determined as function of 

depth:
ï 1 mm layers to 3cm;
ï 1 cm layers from 3cm to 5cm;
ï 2.5cm layers from 5cm to 50cm;
ï 10cm layers from 50cm to 1m.

Primordial radioactivity adds third 
source of ionisation

Å 232Th, 238U and 40K based on Brown et 
al analysis for Tagish Lake meteorite

Isotope Half-life Estimated 
concentration 
in soil [PPB]

232Th 1.41 ³1010 40 °8
238U 4.49 ³109 8 °4
40K 1.25 ³109 78 °6
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Geant4 Simulations

ÅGeant4 Monte Carlo simulations performed for each ion and intervals in F(for GCR)

ÅSimulations covered spectra decades separately and results recombined Ý

Improved statistics for high energy

ÅGeant4 v10.1 patch 2 with GRAS v3.4

ÅPhysics used:
ïStandard EM physics with Option 3

ïParticleHPfor low energies 

ïLiege intranuclearcascade (INCL++) for intermediate energies

ïFritof (FTF) for high-energy ionsZ²2; QGS for high-energy protons/neutrons

ÅTID, particle fluxes and LET spectra recorded at boundaries
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Dose Versus Depth (GCR & SEP)

GCR
Å Approximate exponential decrease in dose 

versus depth
Å Harder spectrum Ý
ï affects greater depths
ïDoses may initially increase for larger F

SEP

Å Softer spectrum Ý steep dose vs depth

232Th,238U & 40K dose

232Th, 238U & 40K dose


