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The Space Radiation 
Problem

• The space radiation field in 
low earth orbit consists of 
galactic cosmic rays (SAA) 
and ions trapped by the 
geomagnetic field (GCR) 

• These contribute 
approximately the same 
dose per day (~125 uSv/
day) 

• Most of these are protons 

• Also some heavier 
particles…

Courtesy ESA



2 28. Cosmic rays

The intensity of primary nucleons in the energy range from several GeV to somewhat
beyond 100 TeV is given approximately by

IN (E) ≈ 1.8 × 104 (E/1 GeV)−α nucleons

m2 s sr GeV
, (28.2)

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic-ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 28.1. Figure 28.1 shows the
major components for energies greater than 2 GeV/nucleon. A useful compendium of
experimental data for cosmic-ray nuclei and electrons is described in [1].

Figure 28.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [2–13].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
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Figure 6. CRIS elemental GCR spectra during solar maximum. Arbitrary scale
factors have been applied to the intensity of each element for presentation of the
spectral shapes. The dashed curves are the result of a cosmic-ray propagation
model calculation. The solid curves show the fits used to determine relative
abundances. The dotted line at 160 MeV nucleon−1 shows where relative
abundances are reported (Table 1).

factor of 0.27 than that measured at solar minimum, allowing
for a comparison of the absolute intensity levels in the two time
periods. The composition is energy dependent, and this energy
was chosen because the CRIS sensitivity for all species between
boron and nickel overlaps at this point.

The relative abundances were determined by individually
fitting each spectrum of seven intensity data points with a
parabola in log(Intensity) versus log(Energy/nucleon). Cobalt
did not have sufficient statistics for a good fit, so manganese
was used as a template for the shape and only the overall
normalization was fitted. The results of the fits are indicated by
the solid curves in Figures 5 and 6. The relative abundances were
taken from the ratios of the fit curves at 160 MeV nucleon−1.
The uncertainties in the relative abundances were taken to
be similar to those of the data themselves, with a statistical
contribution based on the total number of counts. The residual
systematic uncertainties will tend to cancel when comparing
adjacent elements. In most cases, the statistical uncertainty is
much smaller than the systematic contribution.

Our observed GCR abundances for solar minimum are plotted
in Figure 7, supplemented with GCR observations for Z < 5
reported elsewhere (see Wang et al. 2002; de Nolfo et al. 2006).
The data are given at 160 MeV nucleon−1 and are normalized
to Si ≡ 1000. These abundances are compared with solar
system abundances given by Lodders (2003). The odd-Z heavy
nuclei, as well as a few notable even-Z nuclei (Be, Ca, Ti, and
Cr), show significant GCR overabundances. This well known
property of cosmic-ray abundances demonstrates the effect of

Table 1
CRIS Relative Elemental Abundances at 160 MeV Nucleon−1

Element Solar Minimum Solar Maximum

B 1803.8 ± 10.4 1986.4 ± 11.3
C 7337.0 ± 18.4 6780.2 ± 18.4
N 1713.7 ± 8.4 1836.1 ± 9.0
O 7082.6 ± 16.0 6520.6 ± 15.6
F 101.8 ± 1.9 123.6 ± 2.1
Ne 998.7 ± 5.6 1050.4 ± 5.8
Na 189.6 ± 2.4 211.5 ± 2.5
Mg 1368.2 ± 6.1 1367.3 ± 6.0
Al 202.7 ± 2.3 226.3 ± 2.4
Si 1000.0 ± 5.0 1000.0 ± 4.8
P 26.2 ± 0.8 34.2 ± 0.8
S 157.0 ± 1.9 181.2 ± 1.9
Cl 24.9 ± 0.7 38.4 ± 0.9
Ar 58.8 ± 1.1 78.5 ± 1.2
K 41.6 ± 0.9 62.5 ± 1.1
Ca 124.8 ± 1.5 155.8 ± 1.6
Sc 26.0 ± 0.7 35.2 ± 0.8
Ti 100.4 ± 1.4 125.6 ± 1.5
V 45.7 ± 0.9 54.7 ± 0.9
Cr 98.8 ± 1.3 109.7 ± 1.3
Mn 61.4 ± 1.1 71.4 ± 1.1
Fe 653.7 ± 3.5 742.1 ± 3.4
Co 3.7 ± 0.3 4.6 ± 0.3
Ni 27.8 ± 0.7 33.8 ± 0.7

Notes. Values are normalized to Si. Only the statistical uncertainties are given.
The absolute intensity for silicon at 160 MeV nucleon−1 is (107.4 ± 3.3) ×
10−9 (cm2 s sr MeV nucleon−1)−1 for solar minimum and (29.1 ± 0.9) × 10−9

(cm2 s sr MeV nucleon−1)−1 for solar maximum.

Figure 7. Comparison of GCR solar minimum abundances (filled circles)
with solar system abundances (open circles). The CRIS solar minimum results
reported in this paper (Table 1) are used for the Z ! 5 GCR abundances. For
Z < 5, the GCR data come from Wang et al. (2002) and de Nolfo et al. (2006).
The solar system abundances are taken from Lodders (2003).
(A color version of this figure is available in the online journal.)

the interstellar fragmentation of heavier elements into secondary
cosmic rays, which fills in the abundances of the rarer elements.

6. DISCUSSION

6.1. Solar Minimum Primary-element Spectra

Figure 8 shows selected CRIS primary-element spectra during
the 1997–1998 solar minimum period. Spectra from various
experiments during the 1976–1978 minimum are plotted for
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!!!!

Courtesy NASA

Six REM (Timepix) are flying on 
the ISS

Timepix is compact, light and low power - all significant 
advantages for space flight applications ($25,000/kg)



What is a Hybrid Pixel 
Detector

• Hybrid pixel detectors mean 
that the semiconductor 
sensor and the readout chip 
are made separately and 
joined together later 

• Allows use of different 
sensor materials for different 
applications (Si, CdZnTe, 
GaAs) 

• Necessitated out of desire to 
use different Si processes 
for sensor and readout



The Timepix - a quick intro
• The timepix asic 

consists of 256 x 256 
CMOS pixels each 
measuring 55 x 55 um. 

• Typically used with a 
high resistivity silicon 
sensor at 300 - 500 
um thickness (other 
materials also used, 
CdZeTe, gas…)

Timepix ASIC Wafer

Timepix mounted on CERN probe card



TOATOT

Start of 
Frame

End of 
Frame

Clock
Noise

Threshold

Preamp 
Output

100/20 ns

Fig 3

• Medipix (pulse counting) 

• TOA (Time of arrival) 

• TOT (Charge surrogate measurement as a Wilkinson ADC) 

• TOA/TOT achieved with an on chip clock synchronised to all 
pixels (up to 100 Mhz, but 50 stable)



Timepix Calibration
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What do you measure with a 
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• Each track is left by a single charged particle, the 
morphology is representative of the physics of the 
particle



How to Do Charged Particle 
Dosimetry in Space

• As ever… You need to know something about your 
field before you start…

ED(m) = DSi.CSi!m.Q(LETm)

Equivalent Dose in 
muscle

Dose to Silicon

Silicon->Muscle 
Conversion Factor

ICRU Quality Factor



DSi ED(m) = DSi.CSi!m.Q(LETm)

• Dose to silicon is just the 
energy deposited/unit sensor 
mass 

• Measure energy via TOT 

• TOT Calibrated to energy via 
low energy photons 

• First assumption - everything 
penetrates the sensor
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CSi!m

• Tissue conversion factor is 
a function of particle 
energy 

• Varies ~20% over energy 
range 

• However most of this 
variation is for slow 
particles -> stoppers 

• Many people use a flat 
conversion factor based 
on MC or similar

Silicon->Muscle Conversion Factor



CSi!m
• How do you work out 

particle energy -> LET in 
Silicon 

• In principle its just the 
deposited energy/track 
length, but complicated 
by track geometry 

• Penetration angle 
algorithm for ions from 
Hoang et al
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An “Image Charge” from a 
real charge above a 

conducting plane!

Bias Voltage 
“Static” E-Field!

• As the liberated charges drift in the the 
sensor towards the conducting solder 
pads and solder-bumps…

• …The induced image charge in the 
them causes a counter current to 
flow…

• …Which is seen as a current at the 
input to the pixel’s analog charge-
sensitive preamp…

• …And, when the drifting charges reach 
the conducting implants, they 
neutralize the image charges, 
stopping the input current.

• So, if the charge is sufficient, a much 
larger area of pixels are influenced 
than just receive the drifting 
charges…

Cluster Length -> Track 
Length



Calculation of Track Angles

• 4π view of sky, 1π discrimination (slope cannot tell up from down, 
projection of a line symmetric around 180 degrees) 

• Assumption of sensor penetration for slope, work on corrections 
for stopping protons in progress.

3.4. Calculation of Track Parameters 54
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And finally the LET in silicon (henceforth referred to as the LETSi) is then:
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Figure 3.6: Measurement of the azimuth angle ✓ and altitude � relative to the sensor
axes from a penetrating track of length L over a sensor of thickness T .

3.4.4 Heavy Ion Tracks

For tracks with significant charge sharing a modification to the above method of de-
termining track length is used following the method of Hoang [58]. In this case the
track displays a large skirt due to the induction effect discussed in section 3.2.7 as well
as pronounced charge sharing. The track can also distinguishable delta electrons, all



Slope Calculation for 
Heavier Tracks

tan (�) =
55

T

✓
major� minor� 1.5

major + 1

.minor

◆

“LET Estimation of Heavy Ion Particles based on a Timepix- Based Si 
Detector”, Hoang et al (2012)
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With track length one can 
calculate LET -> check dE/dX

• Assumption - most of the space radiation field is either (a) high energy 
and an ion mix (true for GCR) or (b) a slow(ish) proton (true for SAA)



Very Heavy Ions

C, N, O!

100! 800!

Fe!

Ar!
Si!

Ne!

700!

(dE/dx in Si)!

~300 KeV/µm!



Armed with LET and 
an E guess

CSi!m
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Biological Relevance - Q Factor

• Heavy ions quality factors a 
matter of discussion 

• Use d-Ray spectrum to 
identify ion charge

Q(ICRU)

Q (NASA) / z2

�2

LET in Tissue

Q(LETm)

LETm = LETSi.CSi!m



ED(m) = DSi.CSi!m.Q(LETm)

Equivalent Dose in 
muscle

Dose to Silicon

Silicon->Muscle 
Conversion Factor

ICRU Quality Factor

• Assumptions 

• Penetration of sensor 

• Implicitly, anything low energy is probably a proton 

• Proportional energy measurement in Tpx



Compensation for the “Volcano Effect” 

70 

!
500 MeV/u Fe an normal incidence to the 

sensor from HIMAC in Chiba, Japan 
producing a “Volcano”!



The Skirt and Volcano Compensation 

71 

The “Skirt” is due to the Dipole 
Electric Field, which is induced on 
the Timepix Input pads that 
occurs with the charge separation 
in the Bias Voltage field. !
(Jan Jakubek)!

…Because this effect is 
proportional to the total 
charge, and as such, it 
allows us to compensate 
for the “Volcano” effect for 
the highest charge 
deposits… (John Idarraga)!
!



19th WRMISS-Medipix in Space 
Pinsky – Sept. 11  2014 – Krakow 

A “Fast” Heavy Ion (>650 KeV/µm) 

72 

LETSi ~ 301.9 KeV/µm!
     (with correction)!
ΔE = 90.6 MeV!
Z =26!
E > 650 MeV/A!



19th WRMISS-Medipix in Space 
Pinsky – Sept. 11  2014 – Krakow 

REM v. TEPC Absorbed Dose Rates 
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          TEPC!    
Tissue-Equivalent 
Proportional Counter!



19th WRMISS-Medipix in Space 
Pinsky – Sept. 11  2014 – Krakow 

REM v. TEPC Dose Equivalent Rates 
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          TEPC!    
Tissue-Equivalent 
Proportional Counter!



Absorbed Dose Rate (uGy/min)

Clear distinction between trapped particles (SAA) and the rest
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LET Spectra (Si)

LET in Silicon (keV/um)
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LET Spectra (Si)

Silicon LET (keV/um)
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Calculation of Track Angles

• 4π view of sky, 1π discrimination (slope cannot tell up from down, 
projection of a line symmetric around 180 degrees) 

• Assumption of sensor penetration for slope, work on corrections 
for stopping protons in progress.

3.4. Calculation of Track Parameters 54
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And finally the LET in silicon (henceforth referred to as the LETSi) is then:
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Figure 3.6: Measurement of the azimuth angle ✓ and altitude � relative to the sensor
axes from a penetrating track of length L over a sensor of thickness T .

3.4.4 Heavy Ion Tracks

For tracks with significant charge sharing a modification to the above method of de-
termining track length is used following the method of Hoang [58]. In this case the
track displays a large skirt due to the induction effect discussed in section 3.2.7 as well
as pronounced charge sharing. The track can also distinguishable delta electrons, all



Caveats - Limitations of 
Angular Discrimination

• Detectors move around 

• Limits of around 15 
degrees on θ for low φ 

• Detectors change their 
view of the sky
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GCR Angular Distributions 
1st April 2014
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SAA Angular Distributions 
1st April 2014
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https://dl.dropboxusercontent.com/u/46291346/
SAA_20_4_2013.mp4

https://dl.dropboxusercontent.com/u/46291346/SAA_20_4_2013.mp4
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• SAA associated 
with change in 
average angle 

• Average theta for 
GCR (~5 degrees) 
- offset 

• Average GCR phi 
40 degrees) - 
should be 45

One Pass, April 1st 2014



Angle and Dose Rate
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GCR (~5 degrees) 
- offset 

• Average GCR phi 
40 degrees) - 
should be 45



Dose Rate 
Correlations



Mean Chord Lengths



Future Plans - BIRD and HERA

RadWorks Project 
ISS REM – to – BIRD – to – HERA: 
The Evolution of a Technology

OVERVIEW 
The advancement of particle detectors based on technologies 
developed for use in high-energy physics applications has enabled 
the development of a completely new generation of compact low-
power active dosimeters and area monitors for use in space 
radiation environments. One such device, the TimePix, is being 
developed at CERN, and is providing the technology basis for the 
most recent line of radiation detection devices being developed by 
the NASA AES RadWorks project. The most fundamental of these 
devices, an ISS-Radiation Environment Monitor (REM), is installed as 
a USB device on ISS where it is monitoring the radiation environment 
on a perpetual basis.  The second generation of this TimePix 
technology, the BIRD (Battery-operated Independent Radiation 
Detector), was flown on the NASA EFT-1 flight in December 2014.  
Data collected by BIRD was the first data made available from the 
Trapped Belt region of the Earth’s atmosphere in over 40 years.  The 
3rd generation of this technology, the HERA (Hybrid Electronic 
Radiation Assessor), is planned to be integrated into the Orion EM-1, 
and EM-2 vehicles where it will monitor the radiation environment.  
For the EM-2 flight, HERA will provide Caution and Warning 
notification for SPEs as well as real time dose measurements for 
crew members. The development of this line of radiation detectors 
provide much greater information and characterization of charged 
particles in the space radiation environment than has been collected 
in the past, and in the process provide greater information to inform 
crew members of radiation related risks, while being very power and 
mass efficient. 

INNOVATION
The ability to provide near-real-time radiation risk assessment 
information for crewed missions is critical to crew health and safety 
and mission planning for all crewed missions, both for LEO and deep 
space destinations.

OUTCOME
Currently flying 6 ISS REM units

EFT-1 BIRD flown December 2014

Completion of Critical Design Review (HERA) January 2016

Delivery of flight hardware to KSC Fall 2016

HAT: 6.5.5.3 TA: 6 - Human Health, Life Support & Habitation Systems, 6.5.5 - Radiation; Monitoring Technology           TRL: 4

2015 IR&D Poster – EISD Technology Showcase

INFUSION
All crewed space craft and surface operations in both LEO and deep 
space.

PAPERS / PRESENTATIONS
Stoffle, N., et al., Timepix-based radiation environment monitor 
measurements aboard the International Space Station, Nuclear 
Instrumentation Methods A.

Kroupa, M., et al., A Semiconductor Radiation Imaging Pixel Detector 
for Space Radiation Dosimetry.

Bahadori, A. A., et al., Battery-operated Independent Radiation 
Detector Data Report from Exploration Flight Test 1. NASA/TP-2015-
218575.

“Space Radiation Dosimetric Applications Using Hybrid Pixel 

Radiation Imaging Detectors (e.g. Medipix),” Mini-Micro-Nano-
Dosimetry Workshop, Port Douglas, Queensland, Australia.

“Past Results and Future Plans for Medipix Detectors in Space,” 
Invited Seminar-Physics Department, University of Wollongong, 
Wollongong, NSW, Australia.

PARTNERSHIPS / COLLABORATIONS
The RadWorks team is working with the ISS community for the 
flight/resupply of ISS-REM units on orbit. The NASA/BIRD element 
worked with NASA and Lockheed Martin for the development and 
integration of the BIRD in the EFT-1 flight. The RadWorks/HERA 
element is currently working with NASA Orion and their prime 
contractor, Lockheed Martin for integration of the HERA system into 
the EM-1 and EM-2 vehicles. In addition, NASA is collaborating with 
the University of Houston and the Medipix Collaboration out of CERN 
for utilization and advancement of the Timepix radiation sensor 
technology being utilized.

PROJECT MANAGEMENT  Catherine D. McLeod – Catherine.d.mcleod@nasa.gov

Trapped particles

Trapped particles

BIRD, as installed in EFT-1 ISS-REM unit

BIRA flew on Orion ETF 1 (Dec 5th 2014) 
HERA will fly on EM 1 and EM 2



Space Particle Zoo
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Thanks for your attention


