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Changing Space Environment: Over the last dec-
ade, the solar wind has exhibited low densities and 
magnetic field strengths, representing anomalous states 
that have never been observed during the space age. 
The abnormal solar activity between cycles 23 and 24 
has caused the longest solar minimum in over 80 years 
[1] and continued into the “mini” solar maximum of 
cycle 24 [2]. As a result of the weak solar activity, we 
have observed the highest fluxes of galactic cosmic 
rays in the space age [3], and small solar energetic 
particle events [1]. Recent observations [4] from the  
Cosmic Ray Telescope for the Effects of Radiation 
[CRaTER, 5] on the Lunar Reconnaissance Orbiter 
(LRO) compared the predictions of [1] with the actual 
dose rates observed by CRaTER in the last 4 years. 
The observations show dose rates that exceed the pre-
dictions by ~10%, showing that the radiation environ-
ment is worsening more rapidly than previously esti-
mated.  Much of the increase in Dose observed by [4] 
attributable to relatively low-energy ions, which can be 
effectively shielded.   

 
Figure 1. Recent CRaTER data (bright green) are up-
dated after the [1] study to further test the predictions. 
The   sunspot number predictions (the lower black and 
blue dashed lines) show two cases based on a Gleiss-
berg-like and a Dalton-like minimum, the results of 
which are similar. Updates to the sunspot number 
(lower black) are adapted  from the international sun-
spot number released by Sunspot Index and  Long-term 
Solar Observations (SILSO, 
http://sidc.oma.be/silso/home). The dose predictions 
(solid blue line and the upper black and blue dashed 
lines) are from a sunspot-based model of the helio-
spheric magnetic field and the correlated variation in 
modulation of GCRs [Appendix A, of 1].   The ACE 

data, CRaTER data, and model results are projected 
geometrically to the lunar surface. 
      Despite the continued paucity of solar activity, one 
of the hardest solar events in almost a decade occurred 
in Sept 2017   after more than a year of all-clear peri-
ods.  These conditions present important issues for 
planning long duration missions (e.g, to the Moon, an 
asteroid, or Mars). Particle radiation remains a signifi-
cant  factor that must be carefully studied and account-
ed for in mission designs. 

Understanding Surface Interactions and the 
Hydrogenated Surface Layer at the Moon 

 The distribution of hydrogen, hydroxyl (OH), and 
water (H2O) on the Moon is important.  All three have 
the potential to be useful resources for long-term mis-
sions to the Moon, and their distribution helps us un-
derstand how volatiles can be delivered to the Moon 
and how subsequent processes affect them [for a recent 
review, see 6]. Many questions remain. It is clear that 
the polar regions of the Moon have a significant depos-
it of H [e.g., 7], and the sunlit lunar surface seems to 
be covered by OH and/or H2O [8, 9, 10].  The source 
of this hydrogen, though, is still a mystery.  

 
Figure 2. Illustration of the effects of a hydrogenated 
layer of lunar regolith.   The nuclear evaporation pro-
cess from deep in the regolith produces abundant  sec-
ondary particles in all directions. The highest flux of 
secondary particles near the surface will be neutrons 
of up to ~100 MeV.  If a neutron collides with a hydro-
gen nucleus near the surface, the collision would yield 
an additional tertiary proton. The interaction of sec-
ondaries from the regolith with the hydrogenated layer 
create an excess of albedo protons. 
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     We showed recently that  CRaTER  measures  en-
ergetic (∼64−120 MeV) protons emanating from the 
regolith [11]. They are ejected by GCRs exciting atom-
ic nuclei in the regolith.  In other words, CRaTER is 
capable of directly detecting hydrogen exiting the lunar 
surface. CRaTER measured more albedo protons ema-
nating from the polar regions than from near the equa-
tor [12]. The best explanation for this is a layer of reg-
olith rich in H (Figure 2). As protons and neutrons are 
released during nuclear evaporation, some of them 
collide with and eject the H nuclei, i.e., protons. This 
decreases the flux of secondary neutrons and increase 
the flux of “secondary” protons (in this case, the pro-
tons are  both secondary and tertiary). Recent work has 
shown that this hydrogenated surface layer likely var-
ies diurnally [13]. 

The DoSEN Instrument:  The neutron flux is es-
sential in the creation of albedo protons: secondary 
neutrons collide with the excess hydrogen atoms in the 
hydrogenation layer resulting in an enhanced flux of 
albedo protons. The suppression of the high energy 
neutron flux due to the presence of excess hydrogena-
tion provides a complimentary measurement allowing 
unique discrimination of the effects of the hydrogena-
tion layer. 

Application of a newly developed detector Dose 
Spectra from Energetic Particles and Neutrons 
[DoSEN, Figure 3, 14] provide the measurements of 
neutrons needed to discern effects of hydrogenation at 
high energies. DoSEN is a promising early-stage space 
technology project that offers unique advantages for 
active measurement of the complete spectrum of radia-
tion. DoSEN combines two advanced complementary 
radiation detection concepts with fundamental ad-
vantages over traditional dosimetry. DoSEN not only 
measures the energy but also the charge distribution 
(including neutrons) of energetic particles that affect 
human (and robotic) health in a way not presently pos-
sible with current dosimeters. For heavy ions and pro-
tons, DoSEN provides a direct measurement of the 
Lineal Energy Transfer (LET) spectra behind shielding 
material. For LET measurements, DoSEN contains 
stacks of thin-thick Si detectors similar in design to 
those used for the CRaTE. With LET spectra, we can 
now directly break down the observed spectrum of 
radiation into its constituent heavy ion components and 
through biologically-based quality factors provide not 
only doses and dose-rates, but also dose-equivalents, 
associated rates and even organ doses. DoSEN 
measures neutrons from ~1-500 MeV, which requires 
enough sensitive mass to fully absorb recoil particles 
that the neutrons produce.  

DoSEN develops the new concept of combining 
these independent measurements, and using the coinci-

dence of LET measurements and neutron detection to 
significantly reduce backgrounds in each measure-
ment. The background suppression through use of co-
incidence allows for significant reductions in size, 
mass, and power needed to provide measurements of 
dose, neutron dose, dose-equivalents, LET spectra, and 
organ doses. We will show proof-of-concept examples 
of laboratory measurements from DoSEN with radia-
tion sources. DoSEN is a next-generation radiation 
detector, a natural extension of the successful CRaTER 
instrument, that is ready to be utilized in new missions 
to the Moon, Mars and beyond.  

 

 
Figure 3. The complete DoSEN detector stack in-

cluding p-terphenynl surrounded by anti-coincidence 
material, and thin and thick silicon detectors above 
and below the p-terphenynl. 
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