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Abstract: The trend of weakening peak sunspot num-
ber associated with the solar maxima has persisted 
over the last 60 years. More importantly, the proloned 
solar minimum of cycle 23, the mini solar maximum of 
cycle 24, followed by the current phase of solar mini-
mum, which has already been deeper and longer than 
previous predictions indicate that we could be moving 
into another secular (grand) minimum scenario.  
 
The declining solar activity has caused a 20% increase 
in the dose rates on the lunar surface from one solar 
minimum to the next since mid-1990s [1]. As a result, 
a permanent presence in deep space including the lunar 
surface will expose astronauts and equipment to a dif-
ferent radiation dose environment than previousely 
experienced. Here we report on observations from 
CRaTER (the Cosmic Radiation Telescope for the Ef-
fects of Radiation) on Lunar Reconnaissance Orbiter 
(LRO). We used the evolution of the interplanetary 
magnetic field from [2] to project dose rates from ga-
lactic cosmic rays on the lunar and show that the radia-
tion environment is worsening even more rapidly than 
previously estimated [1, 3, and 4] .  
 

 
Figure 1. We have used the modulation potential from 
CRaTER measurements to show the correlation be-
tween the modulation potential and the HMF strength. 
This correlation reveals trends very similar to the past 
solar grand minima conditions. 
 
Re-examining the correlation between the interplane-
tary magnetic field and the modulation of the GCRs 
found by[1], with a recent reconstruction of the inter-
planetary magnetic field from [2] and modulation po-
tential data from CRaTER [5], not only shows that  

correlation persists but also reveals trends very similar 
to the past solar grand minima conditions [6]. There-
fore, we consider and the Dalton minimum (1790-
1830) and the Gleissberg minimum (1890-1920) as 
possible scenarios to predict the dose rates of galactic 
cosmic rays throughout the next solar cycle [4]. We 
use these results to predict the most conservative per-
missible mission durations based on 3% risk of expo-
sure-induced death (REID) at 95% confidence level on 
the lunar surface.  
 
Despite the persistent paucity of solar activity, the so-
lar energetic particle event of September 2017 was 
extremely hard with the largest dose rates in D3/D4 
(the most shielded detectors of CRaTER). It occurred 
as the result of  successive fast coronal mass ejections. 
The occurrence of the September 2017 event after 
more than a year of very few solar particle events 
shows that besides the high galactic cosmic radiation, 
discrete solar energetic particle events remain a signif-
icant hazard [3].  
 
We suggest that in order to create a sustained human 
presence on the lunar surface instruments such as 
CRaTER or DoSEN (Dose Spectra from Energetic 
Particles and Neutrons) would be essential to provide 
realtime knowledge of ionizing radiation. CRaTER is a 
successful radiation detector, and DoSEN, which is a 
natural extension of CRaTER are ready to be utilized 
in new missions such as Artemis. CRaTER (and 
DoSEN) measure the energy of energetic particles that 
affect human (and robotic) health. They provide a di-
rect measurement of the Lineal Energy Transfer (LET) 
spectra behind shielding material. For LET measure-
ments, they contain stacks of thin-thick Si detectors. 
With the help of risk models such as [5] dose rate data 
from these instruments can be translated to permissible 
mission durations for astronauts on the lunar surface.  
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Figure 2. A photograph of the CRaTER instrument. 
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