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. ABSTRACT .1 EXTENDING THE MISSION FLUENCE ENERGY RANGE

IPredicting the radiation environment 1s critical for any space mission and one important source of radiation is I In order to extend the energy range of the existing Solar Ener- I
Ithe Sun. In the specification of the solar energetic particle (SEP) environment, previous work on the [ getic Particle (SEP) environment model (see E‘H
[ has focussed on the 5 - 200 MeV range ( ) as this is critical for electronics | ), a new data set produced using neutron monitor data _ i
| components behind nominal spacecraft shielding. It is also well measured by a variety of space-borne instru- I was used (see ). This allows for the E 10" T ' X_ —
Jmentation. However, for human spaceflight the shielding levels are far greater and therefore the critical energy necessary extension of proton energy range up to >1 GeV. :—_—_—T;f_—_jfj;r_jf_*. \ _9_5%_(;_35@%1%5% i
of incident particles is also higher. Unfortunately, the high energy solar proton measurements come with a great Based on the neutron monitor data set, shows the _________I_____T___*[_:L_i_l i R

__|=—0.25 Years
— 0.5 Years
— 1 Years
= 2 Years

deal of uncertainty as a result of the width of the energy bins of monitors meaning that the correct average ener- mission fluence against the probability of it being exceeded

gy of particles is difficult to discern and, furthermore, there are fewer instruments taking measurements in this I

|
[ ]

(one minus the confidence level) for protons in the range 450

p—
o

range thus reducing the length of the high-energy solar proton dataset and the ability to calibrate measurements. I e

to 675 MeV for a range of mission durations. Each of these

Probability of Enceeding (1 - Confidence)

I'The most important source of data for overcoming these dataset limitations is the data from neutron monitors | models is for solar maximum only with the exception of that e g’ gjgiz _‘_‘_‘_‘_*:_‘_‘_J:[_‘_
| (NMs) which see flux enhancements as a result of the secondary neutrons produced when high energy solar pro- [ for 11 years which also incorporates 4 years of solar mini- & | | — 7Years | 1 ||
| tons are attenuated in the upper atmosphere. By first subtracting the contribution from galactic cosmic rays mum to achieve a fluence for a complete solar cycle. _3 :— i11:‘Jﬁi’e:air:si ir i 7§
1(GCRs) and then accounting for the particle cut-off rigidity based on the location of the NMs SEP event proton shows the differential energy channels used for this o o

Cumulative Mission Fluence (cm_2.3]:_2.1\116\7_l

fluences at very high-energies can be discerned. Work done by provides a reliable

starting point by describing the combined satellite and neutron-monitor event-integrated proton spectra with a » ]
5P Y & 5 P P reference proton dataset and 4 additional high energy channels to

Band function ( ). Using this data, we present probabilistic models for the high energy proton extend the upper limit of the energy range from 200

I

I

I work. These incorporate the 10 energy bins of the SEPEM
I

I MeV to 1 GeV. In the last column the weighting fac-

Ienvironment for use 1n spacecraft missions where solar particles from 200 MeV to 1 GeV and beyond are im-

|portant. The work, focussing on solar protons, is supported by ESA's General Studies Programme. Solar heavy |

) , , , , , oL , tor given to the neutron monitor results against the Ch. |EL (MeV) Ey(MeV) Ec(MeV) w
lions are also important especially for single event effects in components and doses in humans and this is investi- I . :
ted under a separate activity named ESHIEM funded through ESA’s Technology Research Programme original SEPEM results is shown. A channel of > | o > 123 oot oo
ate : :
Ig_ o E o _y o e _g o _gy_ o _g_ e [ GeV was also available from the NM data. P2 7.23 10.46 8.69 0.0 Energy (MeV)| 1 year 3 years 7 years
For the neutron monitor event list, comprising of 43 P3 1046 15.12 12:6 0.0 12.58 245 -165  -163
C : .. . P4 15.12 21.87 18.2 0.0 - - -
I I E S RA SPEs, the distribution used for the SPE waiting times 18.18 287 -180 172
UMAN FFECTS OF PACE DIATION 2 . . . P5 21.87 31.62 26.3 0.0 26.3 -28.2  -189  -19.1
was a Poisson distribution. As these large events are
) P6 31.62 45.73 38.0 0.0 38.03 -25.0  -17.7  -15.8
The space radiation environment presents important challenges to crew health and safety for long-duration mis- less frequent and can therefore be considered ap- p7 | 4573 66.13 550 0125 54.99 164  -125  -118
sions. Interplanetary missions to the Moon, Mars or near Earth asteroids carry additional risks from being be- proximately random in time, the use of the Lévy dis- | o | .. oc 795 0375 79 53 69 56 61
yond the shielding provided by the geomagnetic field that helps protect International Space Station (ISS) mis- tribution (see ) used for the P9 95 64 138.3 1150  0.625 115.01 02 03 02
sions in low-Earth orbit, and also the opportunity for rapid return of crews to Earth in the event of emergencies. SEPEM data of 250 events was not justified. P10 | 1383 200.0 1663  0.875 166.31 23 14 1.9
These together with the long duration of missions from several months to approximately three years, which are Power laws were previously proposed for event flu- | P11 | 200.0 300.0 244.9 1.0 244.95 96 6.7  -58
needed for travel beyond the Earth-Moon system, significantly increases the risk of harm to crew health. ence distributions by , | P12 | 300.0 450.0 367.4 1.0 367.42 216 -11.3 94
Effects of radiation on humans in space are divided into stochastic (e.g. cancer-inducing) effects where probabil- and while P13 14500 675.0 5511 1O >-1.14 -S40 (187 -10.1
ity is a function of dose and tissue reactions (e.g. applying a lognormal distribu- | P14 | 675.0 1012.5 8267 1.0 826.7 432 247 -125

eye cataracts) which will ‘definitely’ occur beyond tion. Critically, all distributions previously used provide reasonable fits to the high energy data. However, the 2-free parameter power

a threshold dose. law with exponential cut-off ( ) used in the SEPEM model was not a perfect fit at all energies. Due to the limited number

The contribution of Solar Particle Events (SPES) of events, introducing a cut-off for significant events thereby reducing the points for the fit was not desirable. However, SPEs do have

towards doses in humans on EVA is understood to very different spectra and are important at different energy ranges. The impact of adding a 3rd free parameter, allowing the minimum

L : fluence to vary, 1s illustrated in . This provides improved fits to the data especially for channels P3 to P6 (disregarded in the fi-
be unacceptable necessitating the existence of a , . ,
: .. nal model result - see ) and P12 to P14. In almost all cases the introduction of a third free parameter reduces the fluence, as
warning system for human deep space missions. _ . . o o , ,
shown in , making the results less conservative, this 1s more pronounced for lower mission durations. For this reason and for

However, the contribution of such events for astro-

. : o istical parsi ' he fi f he 2- kept in this analysis.
nauts inside a spacecraft behind substantial shield- statistical parsimony (desire to use the fewest free parameters) the 2-parameter distribution was kept in this analysis

ing 18 less clear. This is due, in part, to the uncer- 108éiiiiiiiiiigiiiiiiiiii§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§ 10" s " —

tainty of the high energy portion of the SPE spec- 1 54.00 MeV | [T . 4 :,'_ ‘

trum (> 200 MCV) which becomes dominant for 10?5555 —115.01 MeV === ! e {' t‘

such scenarios. A proton energy of >175 MeV is Foo] 24495 MeV - M SO

needed to penetrate 10 cm of Aluminium shielding. oo1.14 MeV i N ) ‘\j*. ‘w“
10" N\ B )

WORST-CASE EVENT FLUENCE RESULTS
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For the development of a worst-case peak flux environment for human exploration neutron monitor data was no R \“‘ “‘ “\‘
longer suitable as the time resolution at which it could be extrapolated to relevant energies was too low. There- 10° . “‘ : % : \"‘
fore, data from GOES/HEPAD detector was combined with that from the SEPEM database for 2 ‘worst-cases’: 54.90 MeV "\ 1‘-‘ i "“
September 1989 (for solar maximum) and December 2006 (for solar minimum). The solar minimum case is im- 115.01 MeV “‘n_ "'1 “t_ | Y
portant as the GCR environment during solar minimum 1s enhanced due to reduced attenuation from the solar —244.95 MeV 3'\‘ -‘t‘ "‘1‘ “1‘
wind. Combining the worst-case solar maximum event with the GCR environment at solar minimum would ex- . _551'14|Mev l:\ 3 ' \ A \
aggerate the risk to astronauts. 10100 10° 10° ] ) 10° ‘ ‘108
In order to produce a coherent spectrum, including the HEPAD data, a fit was made for each of the two SPEs. Fluence (particles.cm™.sr™".MeV™)
The best fit for peak fluxes in the case of the September 1989 SPE was found to be a 2" order polynomial as a
function of Energy in the logarithmic domain. In the case of the December 2006 SPE the best fit was a simple
power law as a function of Energy. The final result for a 3-year mission in the differential S | e | o

shows the data from these two S~ | R IR (binned) channels is shown in . The original SEPEM 1 ; \T\;\:‘i\ | — i i ; - | — | i | -
SPEs and the fits compared with the 10" i : result is shown (blue dots) alongside the neutron monitor re- g 85 i i i i | i i i i i i i i i i i i i i i
90% and 95% modelled peak fluxes us- | i sult (green dots). Given the differences in the datasets, in =100 i i i ] i i i i i i i i i i i i i
ing the SEPEM virtual timelines meth- & i i terms of both the time range of SPEs included and the meth- C;Ea | i i i i i | | i i i i i i i i i i i i i
od for a duration of 3 years at solar %0 - ods of processing the data, the agreement of results at ener- 510 | a i i O § i | | i . | i |
maximum conditions extrapolated with < i i gies below 100 MeV is exceptionally good. S i ] i o i i i N\ i o i i - i
a power law to high energies. Firstly, it g | NER LN The red line shows a Band fit ( ), usually ap- 210 i i | i i - i i i R i i i T i i |
is clear that these SPEs are not the worst 2 oo ||~ SEPEM 3-year 90% Worst-Case i i plied to the SPE fluence, now applied to the SEPEM cumula- £ | i L L i | i i NN i i i i | i i
case for low energies. However, at high E _2EPENi 3'3;8;;99;% Worst-Uase i i tive fluence result to extrapolate to high energies. The tur- % 105; i —-SEPEM Original Fluence i i i “»;\ i i i i i i i
energies they exceed the model. This Lszpzzbz 1080 Fita i | quoise line shows the new result combining the space-based % J i ~*NM Monitor Fluence | i i i \\ i i i i
demonstrates that, while the model is ol e Deiember 2006 Data i | data and NM data using weighting factors given in % O i :EEiEb?ﬁjifsE? Hxct. i i i i i ENL : i i i
reasonable up to 200 MeV (the Septem- —December 2006 Fit i i The results for a 3-year mission are shown as it is a reasona- O | i BB AN i i i i i i bi\
ber 1989 SPE being a good match at o° — |1(|)1 — e 0F ble duration for a human return mission to Mars. However, o e - !102 - !103
200 MeV), an extrapoltion of the model Energy (MeV) similar agreement is found for other durations albeit with NM Energy (MeV)
is not appropriate for human spaceflight results comparably reduced for shorter durations as the smaller
and therefore more data must be used. events become more significant.
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>1 GeV do imply a far harsher possible environment than might have previously been assumed
Iusing the SEPEM model but remains lower (>factor 2 at >100 MeV) than values calculated us-
Iing other models such as PSYCHIC ( ) and JPL ( ).
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I Energy 1 year fluence (cm™.sr™) 3 years fluence (cm™.sr™) 7 years fluence (cm™.sr™)
(MeV) | SEPEM + NM % diff SEPEM + NM % diff SEPEM + NM % diff
I >10 | 1.83E+09 1.89E+09 3.0 3.69E+09 3.81E+09 3.2 6.71E+09 6.91E+09 3.0
>30 | 2.76E+08 2.68E+08 -3.1 5.50E+08 5.52E+08 0.4 9.79E+08 9.85E+08 0.6

I >50 | 8.44E+07 9.35E+07 10.8 1.68E+08 2.02E+08 20.3 2.97E+08 3.58E+08  20.4 i

>100 | 1.63E+07 2.24E+07 37.6 3.21E+07 5.13E+07 59.7 5.70E+07 9.05E+07  58.7 | ===-Combined Band Fit

I >200 | 3.15E+06 5.38E+06 70.9 6.16E+06 1.31E+07 112 1.09E+07 2.29E+07 109 10° | IR T
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>350 | 8.35E+05 1.70E+06 103 1.63E+06 4.33E+06 166 2.89E+06 7.55E+06 162 10° 1o 107 10°
> 500 | 3.58E+05 &.15E+05 127 6.95E+05 2.14E+06 208 1.23E+06 3.72E+06 202 Energy (MeV)
>750 | 1.37E+05 3.53E+05 158 2.65E+05 9.61E+05 263 4.70E+05 1.67E+06 254

> 1000 | 6.92E+04 1.95E+05 182 1.33E+05  5.45E+05 309 2.37E+05 9.42E+05 297

Poster presentation: Evaluating the effect of proton anisotropies
in the inner heliophere: 2006 December 13 SEP event case study (A. Aran, Ses-
sion 9) and Oral presentation: Updates to the ESA Interplanetary and Planetary
Radiation Model for Human Spaceflight (D. Heynderickx, Session 14)

I M. A. Xapsos et al., “Probability model for worst case solar proton event flu-
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