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PHOTON LUMINESCENCE OF THE MOON. T. L. Wilsort and K. T. Leé€, 'T. L. Wilson, NASA, Johnson
Space Center, Houston, Texas 77058 U%ackheed Martin Mission Services, 1300 Hercule$eS1iD0, Houston,
TX 77058.

Introduction: Luminescence is typically described GCR-Induced Photon Albedo of the Moon: For
as light emitted by objects at low temperaturedyaed the case of the GCR-induced photon luminescenee, th
by chemical reactions, electrical energy, atomierin differential GCR flux was taken from Simpson [7],
actions, or acoustical and mechanical stress. /amex  obeying a power-law spectrum dN < BE withy =
ple is photoluminescence created when photons-(elec 2.75. This was modulated for solar activity (<10
tromagnetic radiation) strike a substance and &re a GeV/nucleon) using the model of O'Neill [8]. The
sorbed, resulting in the emission of a resonamréls- modulation is accomplished by adopting appropriate
cent or phosphorescent albedo. In planetary science modulation potentialsp (MV) in the solar magnetic
there exists X-ray fluorescence induced by sunlight field for the given epoch.
absorbed by a regolith — a property used to measure  The result for GCRs is given in Figure 1 [1], nec-
some of the chemical composition of the Moon'’s sur- essary for generation of and comparison with the-SE
face during the Apollo program. induced case that follows in Figure 2. The lumiegsc

However, there exists an equally important phe- albedo produced by the lunar regolith model is giae
nomenon in planetary science which will be desigdat  a fluence (the time-integral of flux) with the alssa in
here as photon luminescence. It is not conventional GeV’s as well as wavelength in meteks1.23984x10
photoluminescence because the incoming radiatiain th ® m/E(eV)]. First protons (H), then—particles (He),
strikes the planetary surface is not photons biltera  and finally everything else (Z>2) have been analyze
cosmic rays (CRs). Nevertheless, the result isémee: The term “pr” on the ordinate axis represents pryma
the generation of a photon albedo. In particulaiaG- GCR component (ionized H, He, etc.). That is tg say
tic CRs (GCRs) and solar energetic particles (SEPs)Figure 1 represents the fluence per primary patticl
both induce a photon albedo that radiates fronstite L oA RSl SFeT U TR GH
face of the Moon. Other particle albedos are geedra e et 0P 10 10"
as well, most of which are hazardous (e.g. neujrons st

The photon luminescence or albedo of the lunar
surface induced by GCRs and SEPs will be derived
here, demonstrating that the Moon literally glowshie
dark (when there is no sunlight or Earthshine).sThi g
extends earlier work on the same subject [1-4]idks 2007
by-side comparison of these two albedos and related 100F-
mitigation measures will also be discussed. g

Method — the Monte Carlo: Monte Carlos have
the distinct advantage that certain physics can be Figure 1: Photon luminescence of the Moon [1].
turned on and off. In this respect, they are a heat SPE+GCR-Induced Photon Albedo: The prin-
matical experiment” which can isolate specific pbgs  cipal purpose of the study presented here is tenet
phenomena that actual experiment cannot. Thisifeat the results in Figure 1 to account for all particle
has been exploited here. induced lunar luminescence, save for solar photon-

The radiation transport code chosen for the stady i induced fluorescence. This provides a source-byesou
FLUKA, which has already been described [1-5].d$h  comparison of respective albedos. The “pr” unitsmu
been benchmarked against experiment at the world’she eliminated and rescaled to give the total nunather
largest accelerators and is currently used to stipipe photons in one day’s worth of GCRs. Then the SEP
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Large Hadron Collider (LHC) at CERN. total must be determined for the respective solar-
Lunar Surface Model: The chemical composition  particle-event (SPE) for side-by-side comparison.
of soils found at various landing sites during Apollo The Badhwar-O’'Neill GCR proton differential

and Luna programs [7] has been taken to be the Imodespectrum [8] was integrated over energy from 0®1 t
of the lunar surface, averaging over all such sites 50000 MeV, giving the proton flux in units of days
define a generic regolith for the present analyElgs (number/crirday). Since the protons represent only
is the same model as used in other studies [1H&. T 86.5% of the total GCR flux, this result was scalgd
lunar regolith is assumed to have a mean density of13.5% to give the total GCR flux. Dividing by a fac
2.85 g ¢t and a negligible magnetic field [1-3]. of two (the lunar surface occludes one-half ofdakes-
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tial sphere, 2 instead of 4 radians), the GCR flux
became 282,189 (number/&aay). That is the conver-
sion factor for the ordinate flux appearing in Figad.

The King [9] solar proton model was used to gen-
erate the SPE-induced albedo for the great protente
of August 1972. The integral proton fluxes for this
event are shown in Figure 2 (a, upper). It wasrassu
that most of the energetic SPE flux came in thet fid
hours (1 day). The King model fit to these evenés w
integrated over that period of time, giving a totél
2.45 x 10° particles striking a 1 cmarea. Because
FLUKA produces flux in units of number/érar-GeV-
pr, the SPE output was rescaled by that total numbe
primaries in a day (2.45 x 9.
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Figure 2. (a) 1972 Source for SPEs; (b) GCR Moon
glow measurable in total lunar darkness.
The side-by-side results are shown in Figure 2 (b,
lower). The onset of the GCR-induced photon lumines
cence is again in the X-ray region near 7 keV, pgpk
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plasma void or wake [10-11] and hence no SPEs or
SPE albedo. The GCR-induced photon luminescence
(blue curve), on the other hand, is present evesyavh
and all of the time (lunar day and night). Thelatiwe
amplitudes are approximately 1000:1 (worst case) ex
cept above 20 MeV where the GCR albedo dominates.

Relevance to Space Radiation MitigationSpace
radiation is background-limiting for science invgat
tions, and hazardous for space operations. Onetmigh
conclude, based upon a linear-dose model of radiati
hazard, that the GCR-induced albedo in Figure 2b is
nothing to be concerned about compared to the SPE-
induced albedo. The linear-dose model basically as-
sumes that increasing radiation intensity meanatgre
risk, and a lower intensity means less risk.

However, a recent result has shown that low doses
of radiation such as X-rays experienced in a destis
chair may do more long-lasting damage than higher
doses [12-13], a publication that has inspiredrB3air-
tant papers in the last five years. It is cleat tha haz-
ardous effects of even modest radiation are noemnd
stood at the present time. Therefore, the spacemxp
tion community cannot assume that any form of radia
tion can be neglected if the widely-assumed lirdzse
model is in fact not true. Present everywhere ladl t
time on the Moon, the GCR-induced hard X-ray and
lower y—ray radiation in Figure 2b may have signifi-
cance for lunar exploration, given the possiblelinen
ear dose-effect due to the Rothkamme-Lobrich effect.

Conclusions: It has been shown that the entire
Moon glows due to a GCR-induced albedo, with a flu-
ence whose spectrum extends from X-raygtays. In
conjunction with the SPE-induced luminescence, ithis
yet another possible source of radiation hazardhen
Moon in view of the Rothkamm-Ldbrich effect. When
free of Earthshine, the dark side of the Moon wdagd
particularly suited for observing this luminesceritle
effect should exist in Lunar Prospector data.
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