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Radiation is the long-lasting risk for
astronauts. Radiation damage can
persist after the end of a long-duration
space flight.

Radiation must be measured!

Phantom experiments
MATROSHKA

(Photos courtesy G. Reitz)
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Galactic Cosmic Rays:

Very high energies, H through U
Solar modulation, predictable
Highly penetrating

Solar Energetic Particles:
High energies
Solar activity, unpredictble

High dose rate variability (up to ~1O4)
Can be shielded

Trapped Radiation (Radiation Belts):
Very high energies, protons, electrons
Very high dose rate

Highly penetrating
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Dose Rate Measurements at the Moon?

Solar Particle Event
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Dose rates vary with orbital height due to shielding by the Moon:
At ~ 100 km: 227 pGy/d; at ~ 200 km : 257 pGy/d

(Dachev et al., ASR, 48 (2011) 779-791)



Extraterrestrial Physics

CRaTER 2438 day individual detectors dose rate data
from: 2009-06-26 DOY:177
through: 2016-02-27 DOY:058
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Solar activity is a critical
driver, dose rates vary by 4
orders of magnitude!
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Dose Rate Measurements on the Moon?
Apollo 16:

Launched 16™ Apr 1972, 17:54
] Landed on Moon 21st Apr 1972, 02:23
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Launched 7t Dec 1972, 05:33
Landed on Moon 11t Dec 1972, 19:55
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Secondary radiation |
(charged and neutral) §
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Dose Rate Measurements on the Moon?

None!
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0 Dose Rate Measurements on the Moon?
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/R _ Lunar Neutron and Dosimetry (LND) Experiment
. = on Chang‘E-4 now provides such measurements
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LND Science Object”i“ves'

* Dosimetry for human exploration of the Moon
* Time series of the charged and neutral particle dose rate in Si
* LET-spectra in the range 0.1 — 430 keV/um

Fast neutron spectra in the energy range of 10 < E_< 20 MeV

Composition of the radiation, which is important for dosimetry
Charged particle spectra
Count rates of thermal neutrons

45.457°S 177.588°E

* Contribution to heliospheric sience:
* Time series of the charged and neutral particle dose rate in Si at a
cadence of 1 minute
* Coarse proton and electron spectra at a cadence of up to 1 minute
* Composition of radiation
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First LND Science R-es”u.lts: Charged articl Spectra
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First LND Science Results: Dosimet — Doe Rate

Dose rate
Neutral dose

Background from RTG/RHUs not subtracted

4 -: ] -
0\/- Iy if ] 1 it \/. i '\/. it ’\/.
N 4% L N
\'b(\D QQ\O,Q \\\G(D \>~Q(D W \;,0 \\)(\,0 \ \)\,0 P&QD

Time[2019]




Extraterrestrial Physics

First LND Science Results: Dosimet — LE spectrum

1023
: Minimally ionizing protons —+ LET
1- - - - - . s
b < Minimally ionizing He nuclei

Counts-s~1 - (keV/um)~1!
o
|

10—2_
45.457°S 177.588°E
10—3_
10—4-
1072 ™

S t TR [T /2
LET[keV/um]




Extraterrestrial Physics

First LND Science R-es”u.lts: Total Enegy Dposition and
IFast Neutron Spectra
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The Lunar Lander N'é-utron and Dosimetry (LND) Experiment
B Conclusions:

* Chang’E-4 is a technically challenging mission

LND providing the first measurements of the radiation environment on the Moon
* Dose rate and dose equivalent rate for charged and neutral component
* Time series, composition, particle spectra

LND uses well-established measuring techniques for charged particles, ...

... but new, innovative ones for the secondary, neutral radiation component

Several papers submitted
B »
/’ v
e ”
o] o
b |- # n E i
by the erman Bundestag DLR Christian-Albrechts-Universitat zu Kiel
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Backup Slides
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LND Science Objectives
, {* LND has two main and two bonus science objectives.

* Science Obijective 1:

{° Science Obijective 2:
* Contribution to Heliospheric Science

. ,aaue—&ﬁﬁ:;le— I?J'E)jective 1:

Aitken Basin (SPA)

|- Bonus Seence Objective?:
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LND TRL Objectives (prévious Bonus Science Objectives)

| Determine the subsurface water and FeO content in the *,
SPA Basin (also used orbit insertions time period, no RTG!) A2 A LY

;
\ ’
3 /
([ J 3
\
v 7
NN Vs
v /
A 7
N ,
\ /
LY i
N A B s
\".“:./
% M cd
AN
Ty
S ". S,
45.457°S 177.588°E // \\
7 KRN
7 L




Extraterrestrial Physics

Chang‘E-4 mlssmn{to the farS|de of the Moon

Relay satellite launched May 20, 2018
Relay satellite orbit insertion June 13, 2018
Launch December 8, 2018

Landed January 3, 2019 Science Payload:
* Biology experiment (students)

* Ground-penetrating radar
* IR spectrometer

* Low frequency radio

45.457°S 177.588°E * LND

* Lunar dust

* Lunar electric field

* Miniature optical imager
* Neutral atom detector

* Plasma and magnetic field
* Panoramic camera

* Seismometer

* VLF radio interferometer
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Dose Rate Measurements at the Moon?

-Only results from two missions in Lunar orbit avaible (CRaTER and RADOM) with dose
values of around 200 - 300 pGy/d (depending on altitude)

T.P. Dachev et al. An overview of RADOM results for earth and moon radiation environment on Chandrayaan-1 satellite,
Advances in Space Research 48 (2011) 779-791

* Spence H. E. (CRaTER Science Team), An Overview of Results from the Lunar Reconnaissance Orbiter (LRO) Cosmic
Ray Telescope for the Effects of Radiation (CRaTER), Annual Meeting of the Lunar Exploration Analysis Group,
Washington D.C. September 14-16, 2010

* J.E. Mazur et al. New Measurements ot total ionizing dose in the lunar environment, Space Weather, 9, S07002,
doi:10.1029/2010SW000641

-Calculations show an Effective Dose of 600 uSv/day taking into account Solar Minimum

conditions and a 0.5 g/cm? space suit (GCR)
* NASA-TP-2003-212158, “Analysis of a Radiation Model of the Shuttle Space Suit”
* D. Matthiae, T. Berger, G. Reitz: DLR - Updated GCR Model / Moon calculations, 2012

-,Safe haven” to prevent exposures due to SPE needs approx. 80 cm of lunar regolith
* D. Matthiae, T. Berger, G. Reitz: DLR - Updated GCR Model / Moon calculations, 2012
NO MEASUREMENTS on the LUNAR surface available --> needed as input

a) benchmarking of radiation transport codes

b) prerequisite for future human presence on the Moon
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The Lunar Lander Neutfon and D03|metry (LND) Experlment
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The Lunar Lander N”éutr.'on and Dosimetry (ND) Experiment

: Dosimetric quantities (dose rate and LET)
\:\\ AZ‘“\‘! Al .'"::Az .('i— A
. P LND triggers its data acquisition with a signal in B
Dose rate is the energy deposit measured in B per unit time
s
A . cd LET is measured in 3 different combinations:
e A Energy deposit measured in B triggered by:
* AB coincidences (medium time and energy resolution)
* Al coinicidences (high energy resolution, low time)
e e * Bl coincidences (high time resolution, low energy)
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Lunar Lander Neutron and Dosimetry (LND) Experiment
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The Lunar Lander Neutfon and Dosimetry (ND) Experiment
- Thermal neutrons
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The Lunar Lander N.éu‘tr.'on and Dosietry (ND) Experiment
| . Thermal neutrons
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Detection of thermal neutrons using Gd conversion f0|Is
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The Lunar Lander Neutfon and Dosimetry (ND) Experiment
o /. Data Products

4 ¢ K 3 transferred_LND_iso_A_housing_sim.2dhist

Electrons stopping in B,C,D (total energy loss, 2 columns)

, D N - 4—— LET in AB,BLAI (1, 1, 8 columns, respectively)
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