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An irradiation campaign for astrobiology research was carried out at ENEA Frascati Research Center within the
CRYPTOMARS project. The aim of the campaign was to characterize the responses of microbial communities
colonizing Antarctic sandstone to ionizing radiation, at a dose level informed by the Martian surface environ-
ment. Proton irradiation is one of several stress factors applied separately within the project.

The experiment was carried out at the TOP-IMPLART proton accelerator, a technology demonstrator of a fully
linear protontherapy machine with 71 MeV maximum beam energy.

Challenges of this experiment lie mainly in the realization of a tailored accelerator set-up, allowing a repro-
ducible and controlled delivery of very low doses (down to 50 mGy with irradiation times of at least half an hour)
to 70 Antarctic rock samples.

This was achieved thanks to the capabilities of the accelerator to be operated at currents down to 1 pA and
perform dose-driven irradiations. To further reduce the dose-rate, the samples were irradiated in a specifically
designed support in order to be exposed to the beam halo only. Doses down to 65 pGy per pulse were achieved

with this set-up.

We report the experimental set-up design, the dosimetric characterization and the beam monitoring of the
campaign; the biological analyses are ongoing and will be reported separately.

1. Introduction

The CRYTPOMARS project, funded by the Italian Space Agency (ASI)
and led by the department of Ecological and Biological Sciences of
University of Tuscia (UniTus), is a multidisciplinary research project
aimed at investigating, with a multi-omic approach, the mechanisms of
resistance developed by microbial communities living in the airspaces of
sedimentary rocks of Continental Antarctica. These communities,
exploiting the refuge provided by the rock, survive in an environment
referred to as “Martian analogue on Earth” [1].

Investigation of their metabolic properties is conducted after

exposing colonized samples of Antarctic rocks, separately, to different
stress factors representative of the Martian environment, such as ther-
mal and hydration/dehydration cycles, UV and ionizing radiation. The
dose levels and dose rates for each treatment were selected with the aim
of mimicking, as closely as possible, the chronic exposure conditions on
the planet Mars, based on literature evidence [2].

The radiation environment on Mars surface is much harsher than the
one experienced on Earth, due to the lack of magnetic shielding and an
atmosphere of comparable thickness, and very different in radiation
composition and spectra. Protons with energies ranging from tens of
MeV to tens of GeV are predominant in the space radiation composition,
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especially in the Galactic Cosmic Rays (GCR) and the Solar Particle
Events (SPE). Energetic protons, above ~150 MeV before atmospheric
transport, penetrate the Mars atmosphere, whose column depth at Gale
crater is of the order of 20 g cm?, and are therefore present on the
surface, together with secondary radiation such as neutrons and photons
produced by their interaction with the Martian soil [3,4]. For compar-
ison, the terrestrial atmospheric column at sea level is about 1030 g cm’
2. and the ground-level field is dominated by secondary cascades [5].
Protons of a few tens of MeV, such as those used here, reach the Martian
surface mainly as secondaries or degraded primaries [6].

Two types of ionizing radiation stresses were selected within the
CRYPTOMARS project: protons and gamma rays. Both were provided by
ENEA facilities, such as the TOP-IMPLART proton linear accelerator in
ENEA Frascati Research Center [7,8] and the CALLIOPE Co®° gamma
source in ENEA Casaccia Research Center [9]. The two qualities were
included to look for distinguishable signatures in the biological and
multi-omic response; each exposure is characterized here by absorbed
dose, dose rate, energy, LET and fluence.

Most climatic and radiative stresses, such as thermal cycles and UV
exposure, within the CRYPTOMARS project targeted a 21-day worth
period. Available experimental data from literature is provided by the
Radiation Assessment Detector (RAD) from the Curiosity mission [4].
The RAD detector measured the Mars surface GCR dose contribution for
a 300-day period at Gale crater. The average dose rate in tissue-like
material resulted in 0.21 + 0.04 mGy/day and a total dose of
76 mGy/year, that is 4.4 mGy for 21-day period.

However, two factors have been considered in the definition of the
target dose for the proton irradiation campaign. First, Curiosity data
were taken at a solar maximum, which modulates the GCR fluxes pro-
ducing a dose rate minimum; RAD subsequently measured an increase of
about 50% in the surface dose rate towards solar minimum [10]. Sec-
ondly, such a low dose poses significant challenges in accurate dose
delivery to facilities designed to provide doses and dose rates typical of
clinical applications. As a comparison, low dose proton irradiation
studies for radiobiology experiments, aimed either at cancer treatment
research [11] and space environment effect on human or animal tissue
[12-14], delivered minimum doses in the 100 — 200 mGy range. Addi-
tionally, radiation resistance to high doses (> 1 kGy) of specific mem-
bers of the cryptoendolithic communities is already established [15].
Taking these factors into account, a 10 x factor was applied to the target
dose which was set at 50 mGy.

Whereas the Co-60 irradiation allows chronic exposure over a 21-day
period, proton irradiation had to be compacted due to limitations on
beam time and beam irradiation area: the required dose was thus
delivered in sessions of approximately 30 to 50 min.

In this paper, we report the beam delivery method and the dosimetry
of the proton irradiation campaign at the TOP-IMPLART accelerator, in
the detail required for it to serve as the methodological reference for the
biological work. The post-irradiation viability, metagenomic, metab-
olomic and lipidomic analyses are ongoing and will be reported in a
dedicated astrobiology publication. A further, smaller set of rock sam-
ples was irradiated at high dose within the same campaign, for proton
attenuation measurements and for the characterization of the microbial
communities before and after irradiation by optical and spectroscopic
techniques; those exposures are not covered here.

2. The beam delivery system

The TOP-IMPLART accelerator at ENEA Frascati Research Center has
been developed as a technology demonstrator of a pulsed fully linear
machine for protontherapy. It is equipped with two extraction beam-
lines: a low energy (1-6 MeV) vertical beamline and a high energy (up to
71 MeV) horizontal beamline. The latter was used for the CRYPTOMARS
project irradiation campaign.

On the horizontal extraction beamline [16] the beam is delivered in
2.4 us-long pulses at a repetition frequency of 25 Hz. Before extraction in
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air, the beam is transported in a short pipe equipped with an AC Current
Transformer for non-destructive online beam monitoring. The maximum
proton current is 20 pA and can be reduced acting on the voltage of an
Einzel lens, placed at the proton source level, down to a current of 1 pA,
the minimum that can be reliably detected by the AC Current
Transformer.

The beam exits the accelerator through a 25 um titanium window. It
is then transported in air for 13 cm before entering a 1.7 m long
extraction pipe filled with atmospheric pressure helium and equipped
with a pair of scanning magnets. The pipe and the scanning magnets are
designed to deliver the proton beam on a 10 x 10 cm? surface area at the
nominal target position placed at 2.7 m downstream the titanium exit
window (63 cm after the exit of the extraction pipe). In the air gap be-
tween the two pipes, an integral ionization chamber acts as an extracted
beam Intensity Monitor, allowing dose-driven irradiation. The output of
such Intensity Monitor chamber is read in an arbitrary unit called
“Monitor Unit” (MU) that can be correlated to a dose value imparted at a
given irradiation position. This is achieved by cross-calibrating the In-
tensity Monitor readings with a dose value obtained from a dosimeter
placed at the desired irradiation position. In this way, dose driven
irradiation can be achieved: the accelerator control automatically shuts
off the beam once a preset amount of MUs are extracted.

Due to interaction with multiple materials, the maximum beam en-
ergy of 71 MeV reduces to 69.3 MeV at 63 cm from the exit of the
extraction pipe [17,18] where the target is placed. The measured energy
is consistent with SRIM [19] computation which takes into account the
beam energy distribution at the exit of the accelerator, given by the
LINAC code [20] and the materials that constitute the beam transport
line. The beam, of gaussian transverse distribution, here has a round
spot with a FWHM of 25 mm.

The samples of the CRYPTOMARS proton campaign are irregularly
shaped fragments of Antarctic sandstone collected at seven different
sites. For each site, ten fragments were exposed: five colonized, that is
containing cryptoendolithic communities, and five uncolonized,
without such colonies, for a total of 70 rocks. Colonized and uncolonized
samples differ in their biological content and not in their treatment: both
were exposed to the same single dose condition with identical beam
settings. No sham-irradiated group was included.

The cryptoendolithic samples are placed for exposure to stress fac-
tors in multiwell plates of external dimensions 8 x 12 cm?, each con-
taining twelve 1.5 cm wide, 1 cm deep cylindrical housings (see Fig. 1).
The size of such a plate is compatible with active scanning beam de-
livery, covering at least nine samples. This irradiation scheme would
have the advantage of providing high beam transverse homogeneity.
However, even at a reduced proton current of 1 pA, with the beam
distributed over the 10 x 10 cm? scanned field at the full 25 Hz repetition
rate, the minimum achievable flux is of the order of 3 x 10° protons cm
2 571 which, for a 69 MeV proton beam with stopping power 9.66 MeV
em?g~! [21], corresponding to a water-equivalent LET of approximately
0.97 keV/um, corresponds to an entrance dose-rate of nearly 5 mGy/s,
too high for the presented application. This is a rapid estimate based on
the nominal current and scanned field.

For this reason, a passively scattered, non-scanned halo irradiation
approach was instead chosen, schematically depicted in Fig. 2. The
proton beam exiting the accelerator is diffused with a 120 ym-thick lead
scattering foil placed in air between the ionization chamber Intensity
Monitor and the entrance of the extraction pipe. The proton beam
propagates and expands in the helium filled extraction pipe: the
resulting widened beam has a diameter of 14 cm at the nominal target.
To further reduce the dose rate on the cryptoendolithic targets, the
samples are arranged as depicted in the inset of Fig. 2, to intercept only
the beam halo. Working in the halo rather than on the beam axis reduces
the dose rate at the sample positions by a factor of about five with
respect to the axis value, at the cost of a radial non-uniformity that is
characterized below. This reduction alone is not sufficient to reach the
required irradiation time, and a second, independent reduction is
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Fig. 1. Colonized (bottom) and uncolonized (top) Antarctic rock samples
housed in multiwell plate; the position has been set to ensure a uniform
exposure to the proton beam. Colonized samples contain cryptoendolithic
communities, uncolonized ones do not; both types were irradiated with iden-
tical beam settings.

obtained by lowering the beam duty cycle, as described later in this
section. This arrangement consists of three multiwell plates positioned
at 120 degrees with a total of 9 rock samples to be irradiated simulta-
neously. In each plate, only 6 of the twelve wells are filled (highlighted
in green and yellow), so that two sets of three samples per plate can be
brought into the halo in turn: the green ones are exposed in the first
orientation, and after one irradiation run the plates are reversed so that
the yellow ones are brought into the same geometry. The two colours
therefore identify successive irradiation orientations, and each sample
receives one intended exposure.

A dedicated holder was designed, and realized in house with 3D
printing technique, to ensure reproducible and fast positioning of the
multiwell plates (see Fig. 3). Each group of 3 plates remains in the
bunker for approximately 2 h for the whole irradiation process,
including two irradiation runs of 30 to 50 min and the plate reversal,
with cool air cycling in the sample holder at approximately 16 °C. The
temperature of the rocks was not monitored directly; given the limited
residence time, the set-up was considered adequate by the biological
team to avoid thermal stress to the cryptoendolithic communities.

3. Dosimetric characterization
The preliminary characterization of the beam on the irradiation

target was aimed at achieving the best dose uniformity possible on the
samples and at defining the machine operating conditions required to
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deliver the dose specified for the experiment.

The target rocks used in the experiment exhibit significant variability
and irregularity in shape, as well as in structure and density, as they
consist of sedimentary rocks collected from different regions of
Antarctica and characterized by different degrees of porosity. The or-
ganisms colonizing these rocks are confined to the outermost millime-
ters beneath the surface, but their exact depth and distribution within
each rock were not mapped before irradiation. The quantity prescribed
for the experiment was the absorbed dose at the sample entrance sur-
face, with no internal depth-dose distribution specified.

The cryptoendolithic colonies were irradiated at the maximum
available proton beam energy in order to minimize the entrance LET and
to maximize longitudinal dose homogeneity over the potentially colo-
nized layer, ensuring that the Bragg peak occurs well beyond it. Since no
material model representative of the irradiated rock types was available
for dose-deposition simulations, a conservative estimate of longitudinal
dose uniformity was adopted.

The average energy of protons incident on the samples was evaluated
using SRIM, accounting not only for attenuation caused by the standard
materials of the beamline but also by the diffuser (Pb, 120 pm) and the
multiwell-plate lid (polystyrene, 1 mm). The resulting proton energy is
68.1 MeV. In the absence of a precise match for the target material in the
SRIM library, the material “concrete” was used as an approximation:
being a heterogeneous silicate with a density (2.3 g cm ) close to that of
a porous sandstone, it is a better approximation than pure quartz. In any
case, silicate materials of this kind have very similar mass stopping
powers at this energy, and the Bragg peak lies far beyond the region of
interest, so the choice has little influence on the result. The simulation
predicts a 14% increase in LET at a depth of 5 mm compared to the
surface value, 5 mm being a plausible upper bound for the colonized
layer; the local dose varies by a comparable amount.

The dosimetric devices employed for the experiment are radio-
chromic films and lithium fluoride (LiF) crystals, usually employed at
the TOP-IMPLAT accelerator [22-25]. The two systems had different
purposes: the films provided rapid two-dimensional information during
the iterative optimization of the scattering geometry, holder position
and halo distribution, while the calibrated LiF crystals provided the final
dose characterization and the relation between Monitor Units and
absorbed dose at the sample positions. Only the LiF measurements were
used to assign the dose delivered to the samples. However, the detection
limits of these sensors do not allow for direct measurements at the target
dose values required for this experiment (< 0.1 Gy). Therefore, the dose
evaluation was carried out in two steps: first, the measurement of the
ratio between the dose on the beam axis and the dose in the beam halo at
the position of the multiwells; second, the calibration between the dose
on the beam axis and the beam intensity monitor. This procedure en-
ables a correlation between the extracted beam intensity, expressed in
MU, and the dose delivered to the multiwells, thus allowing irradiation
at predefined dose levels.

The ratio between the on-axis dose and the halo dose is mainly
dependent on the scattering of the beam due to interaction with the
various materials along the extraction line and, in particular, with the
lead diffuser. Conversely, it does not depend on the beam intensity. The
measurement of the dose ratio between the beam center and the mul-
tiwells was therefore initially performed under conditions of relatively
high dose and high dose rate (with a proton current per pulse of
approximately 5 pA), compared to the target experimental conditions,
and subsequently repeated to verify the stability of this ratio at the
minimum achievable dose rate (proton current per pulse of approxi-
mately 1 pA).

Radiochromic films were used for a preliminary assessment of the
dose ratio stability as a function of dose rate. For each measurement, a
film sheet was placed on top of the lids of three empty multiwell plates in
order to capture the full beam spot. The radiochromic films were
analyzed using an Epson Expression 11000XL flatbed scanner in trans-
mission mode, with no color correction applied, at a resolution of 400
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Fig. 3. Multiwell plates irradiation holder positioned at the end of the beam
pipe at the TOP-IMPLART accelerator.

dpi and a 24-bit color depth. The digitized images were then converted
to grayscale and analyzed to extract dose values in selected regions of
interest (ROIs) through a MATLAB script, based on the general cali-
bration equation described in [26,27]. The general calibration equation
offers a fast if rough estimation of dose, typically with an accuracy
of + 5%. The films were read shortly after irradiation rather than after
the standard 24 h stabilization interval: the optimization was iterative
and had to converge within the available beam time, and in our expe-
rience this is also the condition under which the general calibration
equation agrees best with calibrated dosimeters. A representative dose
map, with the multiwell geometry superimposed, is shown in Fig. 4.
Following the preliminary evaluation with radiochromic films,
measurements were carried out using LiF crystal dosimeters, calibrated
for absorbed dose in water with a Co%® source at the Italian National
Institute of Metrology for ionizing radiation (INMRI) [28]. For each
dosimetric session, ten crystals with dimensions of 5 x 5 mm? and a

14 em diameter beam
spoton somples

27Gy 33Gy 240Gy

Fig. 4. Representative EBT3 dose map used during set-up optimization, with
the multiwell geometry superimposed; the selected wells intercept the useful
off-axis halo, while the wells not exposed in that plate orientation show no
measurable dose within the practical range of the film screening method.

thickness of 1 mm were used, arranged as follows: one positioned at the
center of the sample holder and nine placed inside the wells of the
multiwell plates exposed to the beam halo. Measurements were per-
formed at high dose rate and high total dose and subsequently repeated
at the minimum dose rate with reduced total dose value; all calibration
exposures were carried out at the full 25 Hz repetition rate, without duty
cycle reduction. The estimated uncertainty for these measurements
is &+ 0.1 Gy, the typical residual of the calibration fit.

Table 1 summarize the main results of the dosimetric measurements
of dose on the beam axis performed with EBT3 films and LiF crystals at
two different proton intensities. Since the total number of MU differs
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Table 1

Summary of dose on axis measurement with EBT3 films and LiF crystals at two
different proton beam intensities. MU/pulse is obtained as the ratio between the
total delivered MU and the recorded number of pulses; the pulse-by-pulse values
were not recorded for these sessions, so no standard deviation is quoted. Un-
certainties on the measured doses are one standard deviation.

Detector ~ ACCT Average Delivered Doseaxis Doseayis/
current MU/pulse MU MU
[nA] [-1 [-] [Gy] [nGy]
EBT3 5 8.0 1.8 x 10° 23.7 £ 1.2 132+7
EBT3 1 3.2 1.2 x 10° 121 +0.6 101 +5
LiF 5 7.7 1.8 x 10° 22.8 £0.1 127 £1
LiF 1 3.0 5.0 x 10* 5.4+0.1 108 + 2

between sessions, the delivered MU are reported alongside the measured
dose, and the comparison between the two detectors concerns the dose
per MU rather than the absolute dose. The measured dose and their
uncertainties are converted into Dose per MU in the last column of
Table 1. The lower dose per MU measured at 1 pA reflects recombination
effects in the ionization chamber, whose response depends on the dose
per pulse [29], so no current-independent MU-to-dose conversion was
assumed and the calibration used for the biological irradiations is the
one obtained at 1 pA, i.e. at the actual operating condition. The dose
measurements on the beam axis position obtained with LiF crystals are
in agreement with the EBT3 films readings within the expected + 5%
accuracy; doses on the multiwell positions show instead greater dis-
crepancies, up to + 10%. This result is acceptable given the fact that the
multiwell measurements are not taken in the same position (before the
lid for the gafchromic and inside the well for the LiF detectors).

Fig. 5 summarizes the results of the measurement of ratio of dose at
samples position and dose on-axis. The LiF measurements support the
assumption that the dose ratio between the beam center and the halo is
essentially independent of the beam intensity, the mean ratio over the
nine positions being 0.21 at 5 pA and 0.20 at 1 pA. The measurements
highlighted a dose variability among the individual wells due to the
radial inhomogeneity of the beam halo: in particular, the three central
wells receive a dose about 26% higher than the mean over the nine

0.40
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0.30
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0.20 @
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0.10
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positions, while the six lateral ones receive about 13% less. The same
pattern is found in both LiF measurements, the mean values of the two
subgroups agreeing within two standard deviations at the two beam
intensities; the samples were therefore grouped operationally into a
central and a lateral set, and a nominal dose was assigned to each group.
The position of each sample is retained in the irradiation records.

For the experimental campaign, only measurements obtained with
calibrated LiF detectors were considered: the average ratio on all sam-
ples is 0.20, the ratio for the central wells is 0.25 and the ratio for the
lateral wells is 0.17; the Dose on axis per MU at low current is D,yis/
MU = 108 + 2 pGy/MU. At 3 MU/pulse, the dose on axis per pulse was
324 pGy, corresponding to an average dose per pulse on the samples of
approximately 65 pGy, 82 pGy in the central wells and 56 pGy in the
lateral ones.

The target MU value for the irradiation of the cryptoendolithic
samples was set to 2500: this corresponds to nominal entrance doses of
68 mGy in the three central wells and 47 mGy in the six lateral ones, and
to a mean of 54 mGy over the nine positions.

At a pulse repetition frequency of 25 Hz and a rate of 3 MU/pulse, the
2500 MU irradiation would normally take about 30 s. To reach the
desired irradiation duration of at least 30 min, the control of the beam
veto was reprogrammed to allow not only the automatic shut-off of the
irradiation once the preset number of MUs are delivered, but to also
allow a reduced beam duty cycle. It was obtained by allowing the ma-
chine operator to programmatically control beam on and beam off pe-
riods of time. For the CRYPTOMARS irradiation it consisted in beam on
periods of 1 s followed by 55 s beam off periods, resulting in an effective
duty cycle of ~ 1.8%.

The resulting operating conditions and the derived quantities at the
sample positions are summarized in Table 2. Fluence values are obtained
from the absorbed dose using the stopping power quoted above [21] and
are therefore derived, not directly measured quantities.

The measured on-axis dose rate of 8.1 mGy/s is of the same order as
the estimate given above for the active scanning option and, like it, too
high for this experiment: the halo geometry and the reduced duty cycle
together lower the mean dose rate at the sample positions by a factor of
approximately 280 with respect to the on-axis beam-on value.

+ Lateralwells

A Central wells

@ Allwells
' Y
[o]
<
LiF LiF
7.7MU/pulse 3.0MU/pulse

Fig. 5. Summary of measurement of ratio of dose at samples position and dose on-axis; ratios are shown as average on all wells with 2 standard deviations error bars;

average values for the central and lateral wells subgroups are highlighted.
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Table 2
Final operating conditions of the biological irradiations and derived quantities at
the sample positions.

Parameter Typical value

ACCT current ~1pA

Pulse structure 2.4 ps at 25 Hz

Nominal intensity ~ 3 MU/pulse
Macro-cycle / duty cycle 1son+55soff / ~ 1.8%
Dose per pulse, on axis 324 uGy

Mean dose per pulse, samples 65 uGy

Dose rate on axis, beam on 8.1 mGy/s

Mean dose rate on samples, beam on 1.6 mGy/s

Mean dose rate on samples, macro-cycle average 29 uGy/s

1.0 x 10%°p em?s~?
1.9 x 104p emZs7!
3.5 x 107p ecm ™2

Mean flux on samples, beam on
Mean flux on samples, macro-cycle average
Total fluence on samples, 2500 MU

The uncertainty on the dose assigned to the samples was evaluated as
follows, all values being quoted at two standard deviations. Since the
ratios measured at the two beam intensities agree, those obtained at 1
pA, in the actual irradiation condition, were adopted. The dominant
term is their spread among the wells of each group, + 0.05 for both the
central and the lateral positions; the + 0.1 Gy resolution of the indi-
vidual LiF readings is contained in this spread and is not counted
separately. Adding in quadrature the MU-to-dose calibration, which
amounts to 4%, the nominal entrance doses are 68 + 12 mGy for the
central and 47 + 14 mGy for the lateral positions.

4. Irradiation dosimetry results

The 70 samples were irradiated in two days, divided in 8 irradiation
runs of approximately 30 min each, over the 72 positions available in the
eight runs, the two remaining positions being left unloaded. Plate
number, side, irradiated row, sample identifiers, delivered MU and
duration were logged for each run, so that every sample can be traced to
its irradiation position and hence to its nominal dose. A summary of the
recorded beam parameters is reported in Table 3.

Although some variability of the instantaneous dose rate within a
single irradiation session was observed—quantified as the standard de-
viation of the MU/pulse value over the irradiation time—the average
dose rate, expressed as the mean MU/pulse, remained substantially
stable across the eight irradiation sessions. The maximum deviation of
this parameter was within + 3%. This matters because the response of
the monitor chamber depends on the dose per pulse: the MU-to-dose
conversion holds for a given intensity regime, and the campaign
remained close to the 3 MU/pulse at which the calibration of Table 1
was obtained. The irradiation time was typically around 35 min, with
the exception of irradiation no. 5, which lasted nearly 50 min because of
a beam interruption; since the irradiation terminates on the integrated
MU count, the delivered dose is unaffected and only the average dose
rate is lower. The delivered MU agree with the 2500 MU target within
0.2% in all runs, so the delivery conditions established during the pre-
liminary dosimetric characterization (average 3 MU/pulse, total of 2500
MU, and exposure duration ~ 30 min) were fulfilled for all eight irra-
diations of the biological samples.

As further confirmation of the reproducibility of the defined setup,
the total dose measured by the centrally placed GAF EBT3 film during
the first four and the subsequent four irradiations was consistent with
expectations from the preliminary dosimetric tests, yielding 1.00 Gy
(total dose of the first four sessions — day 1) and 1.07 Gy (total dose of
the second four sessions — day 2) against an expected on-axis value of
1.08 Gy for four runs. These values correspond to an average dose to the
samples of 50 mGy and 53 mGy for the sessions carried out on day 1 and
day 2, respectively, compatible with expectation within the accuracy of
the film screening method.
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Table 3

Summary of dosimetric information for the irradiation runs on the samples.
Irradiation run Delivered Irradiation MU/ MU/
nr MU duration pulse pulse

average st dev
[-] [min] [-] [-]

1 2502 33 2.79 0.54
2 2502 34 2.84 0.53
3 2502 37 2.85 0.69
4 2502 33 2.84 0.62
5 2502 48 2.67 0.61
6 2504 39 2.83 0.72
7 2500 34 2.78 0.83
8 2500 32 2.83 0.51

5. Conclusion

A dedicated proton beam delivery and dosimetric approach was
successfully developed at the TOP-IMPLART accelerator to enable
controlled irradiation of cryptoendolithic Antarctic rock samples at very
low dose levels, compatible with Mars-analogue conditions. By
combining beam diffusion, halo irradiation geometry, dose-driven
control integrated into the accelerator system and a reduced duty
cycle, nominal entrance doses of 68 + 12 mGy in the central and
47 + 14 mGy in the lateral positions, two standard deviations, with a
mean of 54 mGy over the nine positions, were reproducibly delivered
over irradiation times of 30 to 50 min to 70 samples. The dosimetric
characterization, based on radiochromic films and LiF detectors,
demonstrated stable dose ratios between beam axis and halo and a
position-dependent dose distribution among the samples, each of which
is traceable to its irradiation position. These results show that a clinical-
oriented proton linac can be effectively adapted for very low-dose
astrobiology experiments, with quantified and reproducible dose
control.
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