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l. INTRODUCTION

(or Z - ions in the space are fully ionized
spectra, resulting in demand fo ctors providing a
an state of the art.

itors’ utilizing the

Newly-developed radiati
Timepix chip® permit a mu ete understand-
ing of the space radiatiogh enwi onnyfnt. Integration of
front-end electronics i pixelsfootprint results in a
compact array of m t}NO detectors capable of
measuring energy deposition. gether with low mass

and low power ¢ tion, detectors based on this tech-
nology are w NASA’s future Exploration

Missions.
Significait“advanceg l(ave also been made in pixel de-
tector data analysis. ~ Specifically, particle-by-particle

n, instead of simple rate measurements or
on spectra processing, is possible*.
ata can be used to reconstruct the incident ki-
of heavy charged particles by segmenting
acks into separate spatial regions®. A sim-
od can be used to address slowing-down and
stopped, particles”, which have been shown to impact ab-
sorbed dose measurements obtained at different detector

orientations®.

Particle telescopes are commonly used in high-energy
and nuclear physics. They consist of multiple layers of

It is demonstrated that modern pixel detectors can be utilized

&
S

-layer particle telescopes, offering

and analyze several fine-grained features on such plots, in¢luding several related to particles that stop inside
the detector, termed ‘stopping’. Using data from an instrument a
show that different isotopes of stopping hydrogen cdn be iderti
features of the dE/dxy vs dE/dxs plot not resolva
such as nuclear interactions that occur within the

ard the International Space Station, we
d as their stopping powers differ. Other

in ti-layer particle telescopes are also exhibited,
sor aLti e volume.

scopes

\4etectors which are selected with respect to the quanta

measured. Telescopes and conceptually-related systems
can range from simple configurations of multiple silicon
diodes to extremely large and complex systems, such
as Time Projection Chambers which have been used at
large accelerators for several decades. The particle tele-
scope approach has been successfully employed in space,
where mass, volume, and power constraints typically
limit the size and performance of the instruments. Ex-
amples of such instruments are numerous and include
detectors aboard the Advanced Composition Explorer
and Geostationary Operational Environmental Satellite
spacecraft, among many others. In the context of human
precursor missions to deep space, instruments include
Martian Radiation Environment Experiment aboard the
Mars Odyssey orbiter?, Mars Science Laboratory Radia-
tion Assessment Detector on the Curiosity rover'®, and
Cosmic Ray Telescope for the Effects of Radiation on the
Lunar Reconnaissance Orbiter!!. Similar instruments
are also used on the International Space Station (ISS),
such as Anomalous Long Term Effects on Astronauts'?.
These telescopes, which vary in mass from less than 2 kg
to 30 kg, use coincidence logic to trigger on events in
which the incident particle traverses multiple detectors.
By measuring the energy deposited in different layers of
the telescope more information about interacting parti-
cles can be acquired. In some designs, a calorimeter is
employed to measure the energy of medium-energy parti-
cles, typically those with energies less than a few hundred
mega-electronvolt per nucleon, thereby allowing analysis
via the AE-E;,; method.

Here, the advantages of pixel-based detectors are
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‘ s |:Pns1 rated for characterization of the space environ-

nient. /dthough the pixel detectors described here are
PUb“&ME&& d of ognly a single active layer, segmentation of
particle tracks provides multiple dE/dz samples, similar
to the concept employed in earlier ground-based parti-
cle detectors'3. These pixel detectors represent a less
expensive, less massive, and more compact system than
possible with previous generations of multilayer charged

particle telescopes.

1. MATERIALS AND METHODS

A. Detector Description

The Timepix read-out chip consists of a 256-by-256
array of pixels, each with spectroscopic capability. The
pixel pitch is 55 pm. A 500 pm-thick pixelated silicon
semiconductor sensor is bump-bonded to the Timepix
chip. When an ionizing particle enters the sensor, it cre-
ates electron-hole pairs, which then travel through the
reverse-biased semiconductor (100 V), producing signals
measured in multiple pixels. Signal amplitudes are re-
lated to energy deposition in the sensor'#1%.

Timepix data acquisition consists of taking snapshotg,
known as “frames”, of charged-particle tracks over an ad-
justable time period. Within a frame, each ionizing
cle traversing the sensor creates a collection of
pixels with non-zero signal, referred to as a “cl
cluster can be many tens of pixels in size.

the cluster, one can determine properties e parti-
cle that produced the track, including incidentsangle and
path length through the sensor. Coupled, w ccurate
energy calibration, a high-fidelity measuremeng of dE/dzx

results.>7:16

B. Cluster Segmentation y
Clusters can be sep{aw\;nq: ultiple segments, or

sub-clusters®. Whilesthis methodology in general allows
for very fine segm tzftbn, in this application, we cre-
ate two sub-clustérs, mitting two-dimensional plots of
dE/dxq vs. dEfdzs,svherel and 2 denote two virtual de-
tector layers mimi Iéng two-element particle telescope.

is defined to provide a track length
onding to typically about 10 pix-
lysis therefore includes only tracks
eater than 60°, where polar angle is
as thelangle between the detector surface nor-
article track. It was empirically found that
ths of 500 wm ensure good sampling of dE/dx
whil aC(%ting sufficient particles to populate the plot
x1 vs. dE/dxq. For tracks longer than 1000 pm,
the sub-clusters are created at the ends of the track and
the middle part is not utilized, as shown in Figure 1, as
the evolution of dE/dx in the detector is best charac-
terized by comparing the start and the end of the track.

els.

/,

Nethe formula'”.

, at either end of the track are marked with dashed lines.

The angular filtering also limits the fractional error in the
cluster dz calculation due to uncertainty in the depth at
which a particle stops.

Charge-sharing effects between pixels sometimes lead
to anomalously low signal at the extreme ends of a track.
To account for this, following our previously described
procedures®, we ignore the end pixels of the track when
forming sub-clusters, if their energy is below a certain

threshold.
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C. Data Selection and Filtering

We utilize data from one of the Radiation Environment
Monitor (REM) units®!6 located in the Columbus labo-
ratory on the ISS during the period from January 1, 2014,
to November 25, 2017 (more than 1200 days). The live
time during this period, limited by station support com-
puter availability, was 65%. Frames and corresponding
clusters were separated into two categories corresponding
to the ISS location in its orbit: South Atlantic Anomaly
(SAA) and non-SAA, where galactic cosmic rays (GCR)
dominate. The regions were empirically defined using de-
tector count rates'®. Data collected in the GCR region
is the focus of the present study.

Il. RESULTS

Two-dimensional histograms exhibiting dFE/dz; vs.
dE/dzo are shown in Figure 2 for the GCR region. Sev-
eral distinct features can be observed in these plots. Spe-
cific regions to be discussed are indicated in Figure 2a.
It is notable that for penetrating particles, it is unknown
which half of the cluster corresponds to the entry of the
particle inside the sensor active volume. As a conse-
quence, scatter plots show symmetry along the line de-
fined by dE/dxy = dE/dxs.
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‘ s Iﬁpreas A, B, and C

PUb“smr%g A corresponds to minimum ionizing particle

(MIP) protons and other singly-charged particles. The
vast majority of the events in this area lie on the axis
where the dE/dz for both sub-clusters are equal. Broad-
ening about the line dE/dxy = dE/dzs is caused by
statistical fluctuations in energy deposition for penetrat-
ing charged particles, as characterized by the Landau-
Vavilov distribution!?-2°. The slice through Figure 2a
at log1o(dE/dx) = -0.5 (corresponding to 0.32 keV /um)
agrees well with the MIP-proton Landau-Vavilov distri-
bution.

Area B corresponds to a mix of slower protons and MIP

A IR R I I I
-0.5 0 0.5 1 1.
Iogm(dE/dxz) [Iogw(ke )

1 1.2 14
Iogm(dE/dxe) [Iogw(keV/um)]

(b) Zoom of the dE/dxz1 vs. dE/dx2 for data from 2a

FIG. 2. Scatter plot of the the dE/dx1 vs. dE/dz2 for data
taken outside of the SAA.

helium ions. At higher values of dE/dx, there is a split
(Area C) where two branches diverge from the dE/dx; =
dFE/dxs line, shown in greater detail in Figure 2b. This
part of the plot corresponds to less-energetic protons,
which slow down enough in the first virtual layer to show
significant change in dE/dz.

B. Areas D, E, F, and

stcw the detector active vol-
e between the two sub-cluster dE/dx
ese particles populate horizontal
lot of dE/dxy vs. dE/dxs. The
these stripes is explained with
igure 1, which illustrates stopping curves for
Atedusing the Bethe formulal”.

For particles th
ume, the differe
values is substanti

0 i Of a stopping track, however, is independent of
the™particle’s initial kinetic energy and varies only with
he particle’s charge and mass.
tegrating over the calculated curves in Figure 1, it is
und that for stopping protons, AFs is always 8.1 MeV.
This value corresponds to an average dF/dx of about
16 keV/pum, the base-10 logarithm of which is 1.2. Per-
forming similar calculations for deuterons and tritons,
vertical stripes are expected at dE/dxzy equal to 20 and
24 keV/pm, respectively (log;y(dE/dx) values of 1.30
and 1.38). The differences compared to protons are due
to different masses and stopping powers of those isotopes.
Fitting over Areas D, E, and F with Gaussian curves pro-
duces means at 15.1, 19.1 and 23.1 keV/pum, respectively,
strongly supporting the association of these features with
the three mentioned isotopic species, especially in view
of the known bias for overestimating dx due to a lack of
knowledge of the stopping depth in the sensor. For tracks
long enough to result in an inferred polar angle not less
than 60°, however, the resulting error in dE/dx is less
than 15%. In cases where dx is over-estimated, dE/dxo
is slightly underestimated.

Figure la represents very nearly the lowest proton en-
ergy capable of producing a track long enough to be di-
vided into two 500 wm virtual layers. Because stopping
power decreases with increasing kinetic energy (and con-
sequently with range), AFE; of 4 MeV thus represents
almost the highest possible first sub-cluster energy for
a proton. This corresponds to a dE/dx of 8 keV/um,
the base-10 logarithm of which is 0.9, corresponding to
the highest point on the stripe in Area D. Calculating
stopping curves for deuterons and tritons, and applying
similar analysis, it is found that the tops of the corre-
sponding stripes are expected to be approximately 10.9
and 13.1 keV/um, respectively (log;,(dE/dx) of 1.04 and
1.12). Figure 2b, with reference to the areas indicated in
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‘ s ll:'vpe Za, shows that Areas D, E, and F comply closely
th t

. hese predictions. Using data in these regions, the
PUb“; bs]fb& 1 ratio for stopping protons to deuterons is 7.9,
while tor deuterons to tritons the ratio is 4.9. Under-
standing these ratios has value in evaluating the accuracy

of space radiation environment and transport models.
Observation of features corresponding to three hydro-
gen isotopes in a single layer is the result of a level of
track-length resolution not possible with a single, mono-
lithic sensor of the type used in traditional particle tele-
scopes. In Figure 2, dF/dxs is calculated using a track
length corresponding to the width of 10 pixels. With a
monolithic sensor, however, the track length is usually
assumed to be the average path length through the sen-
sor, resulting in large errors for some particles. Figure 3
shows the stopping-power evolution for protons stopping
at different depths within a monolithic 500 pm silicon
sensor, demonstrating that the integrated energy deposi-
tion in the silicon can vary considerably. Consequently,
the calculated dE/dx values will exhibit significant er-
rors, due to a lack of knowledge of the true track length.
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FIG. 3. Bragg curves for protons stopping Mlt loca-
tions within a 500 pm monolithic silicon sens The inte-

gral over the deposited energy in th r, AF>, and conse-
quently, the calculated dF/dx depends on je depth reached

by the proton before stopping.
Stopping-curve integr 3ﬁe z?d 4He predict AE,
values of 55 and 62 keV{%fg respeetively (1.74 and 1.79 in
logarithmic scale). ese}%s\?gree well with Area G
er of “clusters in this area is

in Figure 2a. T
small, but separati and “He appears feasible with
etectors.

C. Area 3

. H repre s fragmentation in the silicon sensor,
ing a stepping proton. An example of such a re-

0 the right of Area H in Figure 2, a fainter
rresponding to interactions generating a stop-
ping deuteron can also be resolved. These events are not
discernible in multi-layer telescopes since the signal from
both the nuclear interaction and the stopping proton or
deuteron would be summed.
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FIG. 4. An fnplé“ef a nuclear interaction resulting in the
stoppifig proton.

ICCarbon- rogen-Oxygen Group

dF /dz spectra measured with Timepix on ISS exhibit
an artifact in the form of a spurious peak at about
2 /um corresponding to miscalculation of the track
length for stopping particles”. This artefact can be seen

. ““lin the blue curve in Figure 5, showing the whole-cluster

dFE/dx spectrum for all particles represented in Figure 2a.
The red curve in Figure 5 results from filtering the data
such that all events outside the dashed lines in Figure 2a
are rejected, thus representing clusters for which dFE/dx
is relatively constant. This filtering enhances the MIP
peaks of the carbon-nitrogen-oxygen ion group, with a
slight indication of a boron peak. The expected locations
of these features are determined using Landau-Vavilov
theory'?2°, and agree well with the peaks in Figure 5.

IV. SUMMARY

A single layer pixel detector can be used for identifi-
cation of stopping isotopes, among other features of the
space radiation environment. The ability to sample parti-
cle dE/dz along the trajectory, together with determin-
ing cluster morphology, make pixel detectors an excel-
lent tool for space radiation monitoring and environment
characterization.

A pixel-readout, single-layer telescope is shown to be
capable of hydrogen isotope identification. Isotopic sep-
aration of *He and “He is feasible and could be used to
help predict the source and time course of an SPE dur-
ing upcoming missions outside of Earth’s geomagnetic
field?™22. Missions outside of low-Earth orbit require ef-
ficiency in all systems due to strict power and mass con-
straints. Systems using pixel-based space radiation de-
tectors can meet these constraints, and have been shown
to provide data products that meet and exceed state-of-
the-art space radiation monitoring hardware.
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FIG. 5. dE/dz spectra from all data shown in Fig. 2a (blue),
data within the dotted lines in Fig. 2a (red), and inferred for
clusters in Areas D, E, and F (green).
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