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Abstract

A dedicated Geant4 study was developed to determine a correction factor (C) to convert the energy depo-
sition response in diamond to water for heavy charged ions, with atomic number (Z) greater than 2 with
energies typical of Galactic Cosmic Rays. The energy deposition response within an ideal diamond based
microdosimeter was modelled and converted into a microdosimetric spectrum. The simulation was then
repeated, substituting diamond with water. It was shown that by applying the correction factor, the energy
deposition and microdosimetric response in diamond could be matched to that of water. The correction
factor was determined to be C=0.32 to 0.33. This study has shown a weak dependence of the correction
factor C with respect to the Z of the projectile. The correction factor remains applicable for converting mi-
crodosimetric spectra in diamond to water for Galactic Cosmic Rays. This result is extremely encouraging
and indicative of the applicability of diamond for use in radioprotection applications in space environments.

Keywords: Microdosimetry, diamond, tissue equivalence, Geant4, heavy charged ions.

1. Introduction

Heavy charged ions (HZE) such as carbon and oxygen constitute a small (≈1% total flux) but significant
component of Galactic Cosmic Rays (GCR) [1] (see Fig. 1) due to a higher radiobiological effectiveness
(RBE). The renewed interest in manned space missions and exploration of the solar system requires an
increased understanding and use of microdosimeters for quantifying the effect of HZE in human tissues.5

Likewise, it is important in the context of radioprotection in space, to be able to quantify the effect of HZE
in human tissues and monitor the radiation exposure of astronauts over time and provide warning of changes
within the radiation environment [2].

The microdosimetric methodology considers the stochastic energy deposition in sensitive volumes with
sizes typical of a cell nucleus (≈1-2 µm) and is an effective tool for radioprotection applications in space.10

Key to microdosimetry is the accurate determination of the lineal energy (y) which is defined as the quotient
of an energy deposition event (ε) and the mean chord length (l) of the sensitive volume (SV) [3]. Microdosi-
metric spectra are typically plotted in a semi-logarithmic scale as events span orders of magnitude. The two
most commonly used microdosimetric spectra are frequency (yf(y) vs. log(y)) and dose (yd(y) vs. log(y))
distributions, where equal areas under the curves represent equal fractions of events and fractional doses,15

respectively. The experimental determination of these quantities then requires detectors with accurately de-
fined micron sized SVs with known geometry and composition.
In order to investigate the radiation effect in tissue, the detector should ideally be comprised of a tissue
equivalent material. A material is said to be tissue equivalent if the scattering/absorption interactions are
comparable to that within tissue, such that the absorbed dose within the media is representative of the dose20
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Figure 1: Differential spectra for GCR proton, alpha and HZE particles with Z >2. Data derived from CREME96 at solar minimum at
1AU [1].

absorbed within tissue in the radiation environment of interest, i.e. independent upon ion/photon energy.
An important parameter in the context of tissue equivalence is that of the effective atomic number of the
target (Zeff ) given the well known dependence of electromagnetic interactions upon Z, where elements
with similar Z will respond similarly to radiation of a specific energy/type [4]. The parameter Zeff arises
given the composite nature of many materials, to allow for a theoretical determination of photon based in-25

teractions that would occur for a composite material containing two or more elements of different Z over
some given energy range. Zeff is widely used to denote the tissue equivalence of materials for dosimetry or
determine an unknown material in medical imaging. In microdosimetry, the problem is more complex than
simply considering the effective atomic number of the target material given the contamination of charged
particle secondaries. Thus it becomes more and more necessary to consider the stopping power within the30

target medium, i.e, dE/dx. This is increasingly relevant in radioprotection applications in space, in which
the mixed radiation field consists of a veritable zoo of charged particles with a wide range of energies.
The tissue equivalent proportional counter (TEPC) is the gold standard in microdosimetry for radioprotec-
tion applications in space [5, 6]. The primary advantage of the TEPC is in its spherical geometry which
allows for isotropic response due to incident radiation, particularly useful in the complex radiation environ-35

ment of space.The TEPC is filled with a low pressure tissue equivalent gas to simulate 1µm of biological
tissue. It is reliant upon the assumption that the radiation field incident upon the SV of the TEPC is equiva-
lent to that incident upon a biological cell. However, the high voltage operation, limited spatial resolution,
wall-effects and the technical difficulties in constructing 2D arrays of SVs hamper the use of TEPCs in par-
ticular applications. One of the leading alternatives to the TEPC is the solid state Silicon-On-Insulator (SOI)40

microdosimeter developed at the Centre for Medical Radiation Physics (CMRP), University of Wollongong,
Australia and the solid state microdosimeter based on a monolithic silicon telescope developed by the Istituto
Nazionale di Fisica Nucleare (INFN) in collaboration with ST-Microelectronics of Italy [7, 8, 9]. The two
leading SOI microdosimeters thus far, are the Bridge and Mushroom detectors [10, 11]. These devices have
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the capability for real-time measurement of lineal energy and determination of RBE for therapeutic carbon45

ion beams [12, 13]. However, being composed of silicon, these devices are inherently non-tissue equivalent.
Diamond is often considered as being a more tissue equivalent material than silicon for photons, given the
close proximity in the effective atomic numbers of carbon (Z=6) compared to silicon (Z=14) with the effec-
tive atomic number of water (Zeff =7.42) and soft tissue (Zeff =7). Whilst there is certainly an argument for
the use of diamond in dosimetric applications based upon its tissue equivalence, its applicability has been50

hampered by its lower sensitivity, i.e. energy required to create an electron hole pair (Ee/h=3.6eV and 13eV
for silicon and diamond, respectively [14]). The lower sensitivity of diamond in comparison with Silicon is
leading to increasing of the thickness of SV to extend dynamic range of microdosimeter, which would likely
lead towards an increased contribution of stoppers, which affects the microdosimetric spectrum. Another
important parameter in terms of tissue equivalence especially in the case of positively charged particles, is55

the restricted linear collision stopping power (also referred to as linear energy transfer (LET)) and is propor-
tional to Z/A [15, 16]. Essentially it is a measure of localised energy loss due to coulomb interactions with
atomic electrons and nuclei of the target and thus highly dependent upon the target material (Zeff , Aeff

and ρ) [4].
It was shown in a previous study [17], that given an appropriate correction factor (C) based upon scaling the60

spatial dimensions of a sensitive volume (SV) of interest, the energy deposition response in diamond could
be converted (C=0.32) to that in water for protons and alpha particles, for energy range 10 MeV< EK <1
GeV. This correction factor is based upon the ratio of mass stopping power (SP) of an ion within diamond
to water, and hence has a direct correlation to the dimensions of the SV. For protons and alpha particles
in diamond, this ratio is relatively constant between 1 MeV and 10 GeV. The stability in the correction65

factor for protons and alpha particles previously determined is owed to this constancy of the SP ratio. The
correction factor can be written as:

C = SPW ater

SPDiamond
= SSDiamond

SSW ater

where SSW ater and SSDiamond, are the linear dimensions or Side Sizes (SS) of the water and diamond
cubic SVs, respectively. Theoretically, as long as the number of recoils within the SV due to nuclear inter-
actions is not significant, i.e. having a impact upon the energy deposition spectra and the SP ratio depicted70

for protons in Fig. 2 remains constant for ions with Z > 2 for the energy range of interest, so too, will the
diamond to water correction factor C. It should be noted that this correction factor C has an inherent assump-
tion that the geometry/shape of the SV of interest remains constant and that only the spatial dimensions are
scaled.

This work is performed by means of Geant4 simulations. The goal of this work is to determine if the75

previously determined correction factor for protons and alpha particles can be applied for incident heavy
charged ions with Z>2, i.e., Carbon, Oxygen, Silicon and Iron nuclei. Additionally, Geant4 will be used to
determine the mean chord length for the 2nd Generation 3D-LES [20] diamond microdosimeter. Accurate
determination of the mean chord length is necessary to calculate more accurately the lineal energy spectra,
however it is reliant in this case upon the a-priori assumption of the SV dimensions. To address this, a model80

of the diamond microdosimeter has been modelled in Synopsys TCAD to determine the real dimensions of
the SV and compare them to the ones adopted in the Geant4 simulation study. The SV dimensions will be
assessed in terms of charge collection isolation/confinement. This model will be used as proof of concept
to validate the technology prior to experimental investigation. Lastly, using the aforementioned mean chord
length, the correction factor will be used to convert the microdosimetric response within the current state85

of the art diamond microdosimeters to that of water for the GCR spectrum for radioprotection in space
applications. This work will be directly applicable for Solar Particle Events (SPE) given the similar energy
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Figure 2: Stopping power ratios for protons in diamond/water and silicon/water for proton energies between 1 keV and 1 GeV [18]
[19].

range to GCR (even though their spectrum is dominated more by lower energy particles) as well as heavy
ions used in Heavy Ion Therapy (HIT) which have energies up to ≈400 MeV u−1 [12].

2. Geant4 Simulation Study90

A dedicated Geant4 application (version 10.01) [21] [22] was developed for this study to calculate the
energy deposition distributions deriving from incident Carbon, Oxygen, Silicon and Iron ions within a dia-
mond microdosimeter SV. The Geant4 Low Energy Physics Package, based on Livermore data libraries [23]
[24], was selected to describe all the electromagnetic interactions of particles, down to 250 eV. The Geant4
QGSP_BIC_HP physics list was selected to model the hadronic physics processes because it has shown the95

best agreement with experimental results for the energy range of interest in this work [12]. The simulation-
based study allows investigating the effect of nuclear recoils deriving from hadronic interactions upon the
tissue equivalence of diamond. Primary and secondary particles were tracked in the experimental set-up and
the output of the simulation was the energy deposition per event in the SVs, where one event corresponds to
the generation of one primary particle and its associated secondary particles. The Geant4 simulation study100

is carried out in two parts, firstly the determination of the correction factor for bare diamond SVs, without
contacts and packaging, for monoenergetic heavy ions and secondly the evaluation of this correction factor
for a fully modelled diamond microdosimeter when exposed to the mixed isotropic radiation field typical of
GCR.

2.1. Correction Factor for HZE105

A cubic SV (10x10x10 µm3) of diamond was modelled in free space, i.e. within a vacuum. Heavy
charged ions modelled using the Geant4 General Particle Source, were defined to be normally incident upon
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the SV as a pencil-beam. The following ion species were chosen for use in this study: Carbon, Oxygen,
Silicon and Iron as they are significant components of the GCR HZE radiation field. For each ion species
modelled, several different monoenergetic energies were selected, from: 10 MeV u−1, 50 MeV u−1, 125110

MeV u−1, 250 MeV u−1, 500 MeV u−1 and 1 GeV u−1 in order to cover the majority of the energy range
for GCR. 107 events were generated in each simulation to obtain statistically meaningful results. Energy
deposition events occurring within the SV are recorded and plotted in a histogram. The diamond SV is
then replaced with water and the spatial dimensions increased until the energy deposition distribution is
equivalent to the one in a diamond SV. The agreement is determined by means of statistical analysis with115

MATLAB [25].

2.2. Diamond Microdosimetry in Free Space
In the second part of the study, a realistic model of microdosimeter device (instead of simply modelling

the cubic SV as described in Section 2.1) was modelled in the simulation study. The diamond microdosime-
ter features an array of cylindrical electronic grade diamond SVs (white) with diameter 30µm and height120

of 10µm, as shown in Fig. 3 and 4. At the centre of each SV is a cylindrical ’inner’ electrode structure of
silver (Grey). Likewise, each SV is surrounded by a cylindrical shell of silver with inner diameter of 30µm
and outer diameter of 40 µm to represent the ’outer’ electrode structure. The ’outer’ electrode of each SV is
connected to its nearest neighbour SV by a 40µm long silver bridge with width and depth of 5µm, so as to
create rows of SVs connected in parallel. Likewise, the ’inner’ electrode structure of each SV is connected125

in parallel with aluminium strips (red), surrounded by PMMA (blue) as depicted in Fig. 3. The SV array
is situated above a 2µm thin layer of boron doped diamond (green) atop a 300µm thick substrate of low
grade diamond (yellow). The diamond SVs have been substituted with water SV with appropriately scaled
dimensions (diameter =30µm ÷ C, height =10µm ÷ C) to provide equivalent energy deposition spectra to
the diamond device. The pitch between diamond SVs was also adjusted using the correction factor, whilst130

the size of all non diamond components remained constant in this study.

Figure 3: Subsection of the diamond microdosimeter prototype featuring cylindrical sensitive volume structures modelled in Geant4.

In this study, the isotropic field of GCR is simplified such that it is comprised of protons (90.926%),
alpha particles (6.568%), Carbon (0.222%), Oxygen (0.228%), Silicon (0.032%) and Iron nuclei (0.024%),
weighted to give 100% [1]. The isotropic radiation field is defined to be incident upon the diamond micro-
dosimeter and the energy deposition within each SV is recorded.135
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Figure 4: Top- Cross section of device. Bottom- Birds eye view of device.

Given the relatively complex nature of the SV shape due to the presence of the inner electrode, an additional
simulation study was performed to determine the chord length distribution and thus the mean chord length
(l) for the cylindrical SV. This study records the track length of an isotropic field interaction-less ’Geantinos’
as they traverse the diamond SV. The SV is modelled without any contacts and packaging.
Using the energy deposition (ε) spectrum and the previously determined mean chord length (l) the result is140

converted to a microdosimetric spectrum and compared against an equivalent detector comprised of water
and with appropriately scaled SVs by means of C. This study provides an evaluation of the appropriate-
ness of the correction factor C, calculated following the methodology described in section 2.1, for mixed
radiation fields as well as providing a means to assess the geometry of the diamond SVs in terms of micro-
dosimetric applications. This assessment of the geometry will be performed in terms of the contribution to145

the microdosimetric spectrum of ’crossers’ and ’stoppers’.

2.3. Analysis

The two sided Kolmogorov-Smirnov (KS) test was used to quantify the agreement between distributions
derived from different data sets [26] [17]. The KS test is a goodness of fit statistics test, which analyses the
maximum vertical distance between the cumulative frequency distribution of each data-set F1 and F2, as150

shown Equation 1.

max (|F1 (x)− F2 (x)|) (1)

The KS test output is known as a p-value, representing the test of the null hypothesis that the two com-
pared energy deposition distributions are compatible. The best agreement between spectra will be established
by results with the highest p-value, resulting from the statistical comparison of the energy deposition spectra,
in the diamond and in the water microdosimeter sites, by means of the Kolmogorov-Smirnov test.155

An additional measure of the appropriateness of the scaling factor to convert the response in diamond to
that of water in the context of microdosimetry is also presented in this work. This alternative method re-
lies upon the use non-stochastic microdosimetric quantities/expectation values, i.e., frequency mean lineal
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energy (yF ), dose mean lineal energy (yD) and the saturation-corrected dose-mean lineal energy (y∗) and
are defined in equations 3, 2 and 4 [3]. The hypothesis of this form of analysis is that the quantities as160

determined for diamond and water based devices should agree if the correction factor is appropriate.

ȳF =
∫ ∞

0
y.f (y)dy (2)

ȳD =
∫ ∞

0
y.d(y)dy = 1

ȳF

∫ ∞
0

y2 .f (y)dy (3)

ȳ∗ =
y2

0
∫∞

0
(
1− exp(−y2/y2

0
)

f (y)dy∫∞
0 y.f (y)dy

(4)

3. TCAD Simulation Study

3.1. Charge confinement for cylindrical sensitive volumes

The diamond microdosimeter was modelled using Synopsys Technology Computer Aided Design (TCAD)
software. A 2D model of the device was designed to represent a cross-section of the device, taken through165

the center of three SVs. The model was designed to include all of the relevant/pertinent features i.e., in-
ner/outer and bridge electrode structure, intrinsic diamond, electrical active p-type diamond (boron doped)
and low quality (nitrogen rich) substrate. A box method meshing strategy was utilised in this study. In
regions of interest, i.e. metal/diamond interfaces or ion strike regions, the meshing strategy was optimised
such that finer mesh elements were applied.170

The model makes use of the Device Simulation for Smart Integrated Systems (DESSIS) code which is part
of Synopsys TCAD package. The DESSIS toolkit solves the transient Poisson equation and electron and
hole continuity equations for the diamond device. The model implemented includes essential models to
describe the physics of the charge transportation and ion interaction within the device. The doping depen-
dent Shockley-Read-Hall physics model, was employed to describe carrier generation and recombination175

in terms of the appropriate carrier continuity equations. The mobility model specified was utilized to take
into account carrier scattering via ionised impurities, saturation of carrier velocity in regions of high electric
fields and the potential for mobility degradation due to scattering driven by surface roughness.
Given the charge injection and built-in potential properties of the p-type interface layer that acts not only as
a common electrode but also to electrically confine the SV structure, the device will likely operate in passive180

mode. However it has also been shown in previous study that CCE within diamond is bias dependent and
saturates around 1 V µm−1 [20, 27]. To that end, the common outer electrode was grounded, whilst a bias
of 10 V was applied to the inner electrodes. Read-out was performed at the inner electrode.
The numerical parameterisation of diamond as a material in multivariate physics tool-kits is a relatively new
area. However, with the ever increasing interest in this material, the amount of experimental data on offer185

has made it increasingly easier to validate material parameter files (.par) to model the physical behaviour
of diamond [28] [29]. Currently, Diamond.par is not a standard parameter file within the Synopsys TCAD
package. Due to this lack, a model of polycrystalline diamond developed by the University of Perugia and
described by Morozzi, et al, 2016 was used to describe the diamond material modelled in this work [30].
The HeavyIon model was used to simulate a hit by a minimum ionizing particle (MIP), with perpendicu-190

lar tracks passing through the device and generating a continuous charge distribution that drift toward the
electrode in the presence of an electric field. In the case of diamond, the Linear Energy Transfer (LET)
of the MIP was defined to be 5.8x10−8 pC µm−1, i.e. 36 electron hole pairs per micrometre. The device
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models were used to investigate the charge confinement of the device by assessing the Charge Collection
Efficiency (CCE) of the device for various strike positions inside (x=5 µm) and outside (x=40 and 100 µm)195

the cylindrical sensitive volume structures. The aim of this study was to confirm the hypothesis that charge
collection is confined by the cylindrical electrode structure and validate the mean chord length previously
discussed. The CCE was defined as:

CCE =
Q(x)

Q(x = 10) ∗ 100 (5)

Where Q(x) is the charge collected by an electrode (Common Outer electrode). Charge collection in
this study is defined as the integral of the TotalCurrent over the simulated time frame multiplied by the total200

time. The CCE for each strike is normalised to strikes occurring within the central SV structure (i.e. x=10
µm) in order to determine relative response as defined by Equation 5.

4. Simulation results: Correction Factor for HZE

This section summarises the results obtained with mono-energetic pencil beams of Carbon, Oxygen,
Silicon and Iron ions with energies spanning from 10 MeV u−1 up to 1 GeV u−1. An example of the typical205

output of the simulation study is presented in Fig 5, which details the energy deposition due a 10 MeV u−1

carbon ion beam within diamond and water cubic SVs. Table 1 reports the summary of the analysis results
for each ion/energy investigated.
The KS GoF test shows that a water SV with SS between 30 and 31 µm shows the best agreement with the
energy deposition spectra in a diamond SV with linear SS of 10 µm. The results indicate a slight energy210

dependence in the correction factor with 0.4 µm increase in the linear SS from 10 MeV u−1 to 1000 MeV u−1

ions regardless of the ion species. Additionally, whilst not large enough to be statistically significant, there
does appear to be some small dependence upon the Z of the incident ion in the level of agreement.

Figure 5: Energy deposition spectra derived from 10 MeV u−1 carbon ions incident on diamond and water SVs. The SS of the water
SV is indicated in the legend.
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Table 1: Summary of Kolmogorov-Smirnov test for analysis of best fit for energy deposition spectra in diamond to water for Carbon,
Oxygen, Silicon and Iron ions with energies typical of GCR. The Correction factor C is reported to two decimal places. For brevity,
the best fit refers to the dimensions of one side of the cubic water SV which demonstrated the best agreement with energy deposition
in the cubic diamond SV with dimensions 10 µm x 10 µm x 10 µm.

Ion (Z) Energy (MeV u−1) Best agreement in terms of linear SS (µm) P-value Correction Factor

6 10 30.4 0.964 0.33

6 50 30.6 0.932 0.33

6 125 30.6 0.999 0.33

6 250 30.6 1.000 0.33

6 500 30.6 1.000 0.33

6 1000 30.8 0.999 0.32

8 10 30.6 0.999 0.33

8 50 30.6 0.951 0.33

8 125 30.6 0.998 0.33

8 250 30.6 1.000 0.33

8 500 30.6 1.000 0.33

8 1000 30.6 0.997 0.33

14 10 30.6 0.995 0.33

14 50 30.6 0.882 0.33

14 125 30.6 0.944 0.33

14 250 30.6 0.998 0.33

14 500 30.6 0.983 0.33

14 1000 30.8 0.966 0.32

26 10 30.4 0.964 0.33

26 50 30.8 0.271 0.32

26 125 30.6 0.999 0.33

26 250 30.6 0.969 0.33

26 500 30.6 0.823 0.33

26 1000 30.8 0.835 0.32

5. Simulation results: Diamond Microdosimetry in Free Space215

The chord length distribution for the cylindrical SV structure is depicted in Fig. 6. The dominant peak at
10µm represents the most probable chord length for a traversing particle in an isotropic radiation field, which
is unsurprising given the SV dimensions. It should be noted that this determination of the mean chord length
of the diamond and water SVs takes the presence of the inner electrode into account. The mean chord length
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of the diamond SV was determined to be lD=11.34µm. The mean chord lengths was likewise determined220

for the spatially corrected water SVs. For C=0.32, the mean was determined to be lW =37.28µm, and for
C=0.33, the mean chord length was determined to be lW =36.15µm. Using the aforementioned mean chord
lengths the microdosimetric spectra resulting from GCR interactions were determined for both the diamond
microdosimeter and its water based counterpart.
In Fig. 7 the total microdosimetric spectra from an isotropic radiation field comprised of GCR hydrogen,225

helium, carbon, oxygen, silicon and iron ions respectively is presented. The contribution of each ion to the
total microdosimetric spectra is presented in Fig. 8 and 9. Two peaks are clearly distinguishable in Fig. 7 at
approximately 25 and 100 keV µm−1. These two peaks are primarily the result of proton and alpha energy
deposition interactions within the diamond material, see Fig. 8 and 9.

Figure 6: Chord length distribution for the cylindrical SV structures (Diameter=30µm and Height=10µm) of the diamond microdosime-
ter. Note: this accounts for the effect due to the presence of the inner electrode.

Figure 7: Comparison of the microdosimetric spectrum for diamond (red) and a scaled water (blue) based microdosimeter due to an
isotropic field of GCR. Two different correction factors are compared, C=0.32 (left) and C=0.33 (right).
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Figure 8: Contribution to the microdosimetric spectrum for the diamond microdosimeter deriving from each GCR nuclear species. The
contribution deriving from the different species of incident particles is indicated in the legend.

Figure 9: Contribution to the microdosimetric spectrum for the diamond microdosimeter deriving from each GCR nuclear species in
log-log scale. The contribution deriving from the different species of incident particles is indicated in the legend.

230

Table 2 is a summary of the analysis performed upon the microdosimetric spectrum in a diamond and
its water based counterpart microdosimeters. The agreement between the two spectra is characterised by the
KS test p-value which is performed on an ion by ion basis as well as for the total spectrum, i.e. the weighted
contribution of each ion species. The overall agreement as determined by the KS test is the same for C=0.32
and C=0.33, although on an ion by ion basis there is a slight improvement in the case of C=0.33. With the235

exception of Iron, good agreement between the ion interactions within the water and diamond SVs is found.
In the case of Iron, acceptable agreement between the microdosimetric spectrum in diamond and water is
improved by imposing a lower limit of 30 keV µm−1. Without this limit, the KS test p-values for Iron for
C=0.32 and C=0.33 are 0.4652 and 0.6789, respectively.
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Table 2: Summary of Kolmogorov-Smirnov test for analysis of microdosimetric spectrum of isotropic field of GCR in diamond micro-
dosimeter.

GCR Ion GCR weighting (%) P-value (C=0.32) P-value (C=0.33)

Hydrogen 90.926 0.9999 1.0000

Helium 6.568 0.9848 1.0000

Carbon 0.222 0.9999 1.0000

Oxygen 0.223 0.9979 0.9999

Silicon 0.032 0.9472 0.9472

Iron 0.024 0.9817 0.9952

Total 100 0.9979 0.9979

Whilst the KS test provides a means of characterising the goodness of fit between the two data-sets, it does240

not provide any quantitative measure, relevant to microdosimetry as to the applicability of a correction factor.
To that end, the dose-mean lineal energy (yD), the frequency-mean lineal energy (yF ) and the saturation-
corrected dose-mean lineal energy (y∗) for both diamond and water based microdosimeters are presented.
Note: The saturation parameter, y0, has been set to 150 keV µm−1. These parameters are presented to two
decimal places for the total spectrum (see Table 3) as well as for each ion species studied in this work.245

Table 3: Microdosimetric parameters (yD , yF and y∗) for the microdosimetric spectrum in the diamond and spatially corrected water
based microdosimeters for total spectrum . Two different correction factors are considered in this work (C=0.32 and C=0.33). The level
of agreement is quantified in terms of a percentage difference.

Parameter Diamond Water (C=0.32) Difference Water (C=0.33) Difference

yD 28.66 keV µm−1 29.05 keV µm−1 1.34% 29.54 keV µm−1 2.88%

yF 0.69 keV µm−1 0.64 keV µm−1 7.81% 0.64 keV µm−1 7.81%

y∗ 18.23 keV µm−1 17.08 keV µm−1 6.73% 17.44 keV µm−1 4.53%

The results presented in Table 3 demonstrate the importance of choosing the appropriate parameter in
order to evaluate the similarities in microdosimetric spectrum in diamond and water microdosimeters. For
a correction factor of C=0.32, the choice of the the dose-mean lineal energy (yD) gives excellent agreement
(1.34%) between the diamond and water microdosimetric spectrum. If instead the the frequency-mean lineal250

energy (yF ) or the saturation-corrected dose-mean lineal energy (y∗) is chosen, the percentage difference
becomes more significant, i.e., 7.81 and 6.73%, respectively. For a correction factor of C=0.33 which overall
showed better agreement for the previous monoenergetic study, the percentage difference for the dose-mean,
frequency-mean and saturation-corrected dose mean becomes 2.88, 7.81 and 4.53% respectively. It is clear
then that the choice of non-stochastic microdosimetric criteria such as:yD, yF and y∗ can have a significant255

effect upon determining agreement between microdosimetric spectrum.
The contribution for crossing and stopping particles is shown in Fig. 10. The percentage contribution
by crossers and stoppers was determined to be 98.3 and 1.7%, respectively, in the case of the diamond
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microdosimeter, and 99.1 and 0.9% for the water equivalent counterpart. It is clearly evident that for SVs
with diameter of 30 µm and height 10 µm, the contribution of stoppers whilst relatively small with respect260

to that of the crossers is clearly an issue with regards to the microdosimetric method. This requires changes
to the SV dimensions and thus the chord length distribution which is depicted in Fig. 6. It is possible to
infer that the current design should be improved (smaller SVs) in order to be applicable for microdosimetry
in space, given the large contribution of energy deposition due ’stoppers’ to the total spectra. However, it
is possible to use this design as a base line in which to define an ideal diamond based microdosimeter for265

radioprotection applications in a space environment.

Figure 10: Contribution of stoppers and crossers to the microdosimetric spectrum for the diamond microdosimeter due to an isotropic
field of GCR.

5.1. Simulation Study: Charge confinement for cylindrical sensitive volumes
The electric field distribution calculated by the Synopsys TCAD simulation is presented in Fig. 11. The

electric field is clearly confined to the cylindrical SV region as defined by the outer electrode structure and
boron doped diamond under-layer.270

Figure 11: Electric field distribution of the diamond microdosimeter device as derived from Synopsys TCAD. In this work, the device is
operated in ’passive’ mode, i.e. the inner electrode is under an applied bias of 10 V whilst the outer electrodes of each SV are grounded
at 0 V.

The results of the MIP strike charge collection study are presented in Table 4. The simulation shows that
charge collection due to ionisation processes was measured only for strikes occurring within the cylindrical
SV. In all other cases, the charge collection was so low as to be considered effectively negligible. This study
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Figure 12: Electric field distribution of the central SV of the diamond microdosimeter depicted in Fig. 11.

confirms the effectiveness of the device design to isolate and confine charge collection to the SV regions and
also indicate that cross-talk/charge sharing between SVs will not be an issue. Assuming that this simulated275

charge confinement translates to a physical realisation of the diamond microdosimeter device, then it is clear
that the mean chord length derived from the chord length distribution depicted in Fig. 6 is accurate for
isotropic fields and a confirmation of the design concept for microdosimetry in space applications.

Strike Position CCE (%) Inside/Outside SV

A 100 Inside

B 0 Outside

C 0 Outside

Table 4: Relative response in terms of charge collection efficiency as a function of position for ion strikes normally incident upon the
diamond microdosimeter. Only strike A which is within the SV has a non-zero charge collection efficiency.

6. Discussion and Conclusion280

In this study, the application of a spatially based correction factor to match the microdosimetric spectra
and derived average quantities (yD, yF and y∗) due to heavy charged particles interacting within a diamond
SV (10x10x10 µm3) to that in a spatially scaled water SV was investigated. A correction factor between 0.32
to 0.33 (equivalent to cubic water SVs with thickness between 30.4 and 30.8µm) was found to be suitable
to correct the energy distribution and thus microdosimetric spectra in diamond to that of water for monoen-285

ergetic carbon, oxygen, silicon and iron nuclei with energies between 10 MeV u−1 and 1 GeV u−1. This is
consistent with previous studies restricted to proton and alpha particles. It is therefore reasonable to state
that for the energy range of interest, the correction factor is stable and almost independent of the atomic
number (Z) of the incident primary particle.
The aforementioned correction factor can be used to geometrically scale the sensitive volumes within dia-290

mond based microdosimeters to a water based equivalent structure. A chord length study of diamond and
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water SV was performed in order to convert the energy deposition distributions to a microdosimetric spec-
trum. The mean chord lengths for the diamond and water SVs (C=0.32 and C=0.33) were found to be
lD=11.34µm, lW =37.28µm (C=0.32) and lW =36.15µm (C=0.33), respectively. The suitability of this cor-
rection factor for diamond based microdosimetry was examined for GCR ions including hydrogen, helium,295

carbon, oxygen, silicon and iron in the energy range 1 MeV u−1 to 100 GeV u−1. The agreement between
the resulting microdosimetric spectrum was quantified using the KS test. The dose-mean, frequency-mean
and saturation-corrected dose-mean lineal energies were also used to provide an alternative figure of merit
to assess the agreement between microdosimetric spectrum. The dose-mean lineal energy showed a 1.34%
agreement between diamond and water when the correction factor C was equal to 0.32 as compared to 2.88%300

when the correction factor was 0.33. The saturation-corrected dose-mean lineal energy on the other hand
showed better agreement when C=0.33 with a percentage difference of 4.53% as compared to 6.73% when
C=0.32. In both cases, i.e. C=0.32 or C=0.33, the percentage difference between the microdosimetric spec-
trum for diamond and spatially corrected water based microdosimeters was 7.81%. It is clear that the choice
of criteria in terms of microdosimetric quantities can have a significant impact upon the determination of305

agreement between spectrum. Regardless of which measure is used, i.e. the KS test or non-stochastic lineal
energies (yD, yF and y∗), the agreement between the diamond and water spectrum is deemed acceptable.
The study has shown the appropriateness of the correction factor for hadrons typical of the space environ-
ment.
The primary peaks within diamond based microdosimeters are the result of proton and alpha energy deposi-310

tion interactions within the devices. This result is unsurprising as both particles form the primary component
(≈99.9 %) of GCR spectra. Events associated with higher lineal energies are the result of the heavier GCR
components. Whilst these HZE components only form a small fraction of the entire GCR flux, they can
result in significant impact to biological tissue due to the high lineal energies associated with their passage
through matter. This work will by extension also be directly applicable for solar particle events (SPE) and315

heavy ion therapy (HIT), given the particle type and energy range.
This study provides a meaningful tool for the optimisation of detector geometries for microdosimetric appli-
cation. Whilst the Synopsys TCAD component of this study has shown that the current design is effective
in terms of charge confinement and thus SV definition, the Geant4 study has shown that the dimensions of
the sensitive volumes should be reduced for microdosimetry. The dimensions of the current prototype mi-320

crodosimeter modelled in this study is shown to have a significant contribution due to stoppers, i.e., particles
which stop within the sensitive volume. In future work, the diamond microdosimeter will be redesigned in
order to reduce the probability of stoppers and optimise the design for hadron therapy QA and radioprotec-
tion in space. This understanding of the correction factor C will be critical in evaluating future devices and
their applicability to represent cellular sized SVs for microdosimetry. Additionally, future work will look at325

correcting the microdosimetric spectrum from complex convex geometries to spherical geometries in order
to perform comparison between diamond based microdosimeters and TEPC.
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