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Solar Neutrons:  
After neutrino observations, the rarest and most elusive measures of energetic solar-flare 

particle populations and dynamics are the spectrum and emission-time profile of secondary 
neutrons (Lingenfelter et al. 1965).  Neutrons are produced by inelastic scatters of protons/ions 
off helium and neutron-rich nuclei.  The inverse reactions also produce neutrons.  Neutrons are 
also present during the production of pions that produce γ rays >100 MeV (Ryan 2000) in Long 
Duration Gamma Ray Flares (LDGRF).  Neutron reactions take place over a wide uninterrupted 
range of proton energy, much greater and more complete than that for 𝛾-ray production.  Below 
30 MeV, the bulk of γ rays are produced by inelastic p/α reactions, exciting bound discrete and 
continuum energy states in heavy (e.g., Ne, Si, O) nuclei.  Above the pion threshold, p-p inelastic 
scatters open up additional 𝛾-ray channels, but in the proton/ion energy gap between 30-300 
MeV, there is greatly reduced γ-ray emission.  However, neutron production continues smoothly 
from a few MeV to relativistic energies.  Below 30 MeV and above 300 MeV in proton energy, 
neutrons measurements complement the γ-ray 
measurements, but in the wide energy gap from 
30-300 MeV, neutron measurements (even null ones) 
will still provide information on the important end 
point of the accelerated proton spectrum.  Thus, a 
solar neutron measurement from 20-200 MeV would 
be an important measurement when combined with 
high- and low-energy γ-ray measurements from LAT 
and GBM on Fermi.  Furthermore, where they exist, 
the joint data from both types of measurements will 
provide a measure of the average composition (Z) of 
the proton distribution, because neutron emissivity is 
sensitive to both the atomic number of the beam and 
the target.  This is seen in Fig. 1, where for soft proton 
spectra, the dominant neutron producing 
reaction is alphas on He. 

Most neutrons above 20 MeV survive to 1 
AU, thus setting the lower bound for a 1-AU 
instrument.  This is coincidentally the best range 
to fill the proton energy gap.  Thus, solar 
neutron observations are a critical missing piece 
to understanding the role and production of 
energetic particles at the Sun. 

Since 1972 (Chupp et al. 1973), neutrons 
have been detected indirectly as they thermalize 
in the photosphere and undergo neutron capture 
with hydrogen, releasing a 2.223-MeV γ-ray. 
This sharp-line feature has had considerable 

Fig. 2.  Emission profiles for neutrons and γ rays for 
the 1991 June 9 flare.
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Fig. 1 Source reactions for >30 MeV neutron 
production as a function of proton spectral 
shape.
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scientific value, but it collapses the entire fast neutron spectrum into one γ-ray line. The neutron 
information is further compromised, because the temporal behavior of the fast neutrons is 
washed out by the ~100-s random-walk capture time of thermalized neutrons, i.e., the 2.223-
MeV line. 

Direct solar neutrons have been measured with the Gamma Ray Spectrometer on the Solar 
Maximum Mission, PHEBUS, by OSSE on the Compton Observatory and with neutron 
monitors. None of these instruments performed spectroscopy on the registered neutrons—a 
critical task needed to establish the moment of neutron emission.  Rather, an emission profile, for 
instruments such as these, is assumed and the arrival times of neutrons are interpreted as a 
velocity (or energy) measurement.  This becomes problematic if the emission time profile is not 
known a priori, as was the case for the 1991 June 9 solar flare.  Neutrons from 15-80 MeV, as 
well as γ rays, were measured with the COMPTEL instrument on CGRO (Ryan et al. 1994).  The 
energy of each neutron was measured, allowing one, with the arrival time, to assign each neutron 
an emission time at the Sun.  Although the number of registered neutrons was small, it appears 
that the emission interval coincided with neither the MeV γ rays or the >100 MeV γ rays (Ryan 
et al. 1994).  Rather, they were generated during and well after the impulsive phase γ rays and 
before the >100 MeV emission detected by the EGRET instrument on the same spacecraft. 
LDGRFs are, in part, characterized by a delay with respect to the nuclear γ rays (produced by 
ions typically from 10-30 MeV/nuc).  The 1991 June 9 neutron results filled this gap of ~10 
minutes with neutrons from the region of the parent proton/ion spectrum not prolific in γ rays—
consistent with a continuous acceleration process taking place on a time scale of about ≥30 
minutes, progressing smoothly from nuclear to pion-related γ-ray energies.  This is important 
because the 5-10 minute delay between the low- and high-energy γ-rays challenges theory (Share 
2015).  If mid-energy neutrons fill this time gap, the picture of the acceleration process changes 
fundamentally, i.e., there is no delay inherent to LDGRFs, except when viewed only in γ rays.  
Similar effects are seen in the 1991 June 11 COMPTEL flare data.  Those data are being re-
analyzed at the time of this writing. 
Albedo Neutrons: 
 GCRs and energetic SEPs strike the lunar or planetary surface (or atmosphere) and initiate 
nuclear spallation reactions that produce secondary thermal (<0.015 eV), epi-thermal (0.4-500 
eV) to fast (> 0.5 MeV) neutrons.  For the case of the Moon, fast neutrons are sensitive to 
regolith hydrogen content, but also provide important information on the average elemental 
composition (Maurice et al. 2000; Gasnault et al. 2001), reflecting the average atomic mass of 
the lunar regolith including iron and titanium (see Elphic et al. 1998; 1998; Litvak et al. 2012).  
However, previous omni-directional observations of lunar neutrons were limited to ≲20 MeV and 
a spatial resolution of ~50-100 km, making it challenging to fully characterize the lunar surface 
and connect regolith composition to specific geographic features.  
 At Earth, the dominant source of magnetically trapped protons above tens of MeV in the 
inner Van Allen belt is the decay of albedo neutrons (Cosmic Ray Albedo Neutron Decay, 
CRAND), of similar energy, produced by interactions of cosmic rays with the Earth’s atmosphere 
(Singer 1958).  The albedo neutron intensity has been reported to vary globally from COMPTEL 
measurements (with big time gaps) between solar maximum and minimum (Clarke, McConnell 
and Ryan, 2017).  However, the few measurements we have are widely spaced in time and 
geography.  Yet, they have served to confirm that the CRAND theory is correct, but the chemical 
balance equations for the proton abundance in the belts lacks measurement on the source side. 
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The CRAND mechanism also takes place at other planets with magnetospheres, i.e., Jupiter and 
Saturn (Kollmann et al. 2013).  Consequently, quantitatively validating the CRAND model at 
Earth will enhance the science return of future planetary missions.  
Opportunities for Neutron Observations in the Heliosphere: 

Measuring neutrons in space is difficult. Galactic Cosmic Rays (GCRs) are prolific emitters 
of neutrons when they strike the Earth’s atmosphere or a spacecraft.  These neutrons bathe any 
instrument with an intense, persistent and amorphous neutron background.  COMPTEL was able 
to measure solar neutrons, because its measurement method excluded neutrons from directions 
other than that of the Sun.  This “imaging” reduces the background contribution greatly, allowing 
a clear signal to be registered.  The technical challenge is to develop a neutron imager 
optimized for the energy interval that reflects energetic solar protons from 30 MeV to 300 MeV
—the range not covered by 𝛾 rays, while being smaller and less massive than COMPTEL. 

Neutron measurements can be achieved using compact, low-power neutron detectors placed 
at 1 AU on small satellite platforms (either LEO or through the Lunar Gateway programs).  
Deep-space probes to the inner Heliosphere (Ryan et al. 2003; Woolf et al. 2009; de Nolfo et al. 
2015a,b; 2019a,b; Miller et al. 2003, Legere et al. 2006) would be even more valuable for solar-
neutron measurements, and would have similar constraints as CubeSats in terms of instrument 
mass, volume, and power.  The lunar surface provides a unique vantage to continuously monitor, 
over extended periods of time, neutrons and solar energetic particles (SEPs) generated by solar 
eruptive events and examine the effects of energetic particles on the lunar surface and in the 
Earth’s atmosphere from the perspective of the Moon.  
 Considerable benefit can be realized by placing a neutron spectrometer at smaller 
heliocentric distances r, e.g., 0.5 AU.  The 100-MeV intensity is greater by the usual r2 (4×), 
while the increase at 10 MeV is another 10× greater, because of the shorter time from creation to 
detection.  A “standard” event in the inner heliosphere should generate several hundred counts 
for spectroscopy and light curves. By measuring the neutron energy, it would be possible to 
assign a neutron origination time to each event.  An imaging low-background measurement 
would put to rest the controversy surrounding the reported MESSENGER detections of solar 
neutrons (Share et al. 2011), where small errors in the background estimate can be mistakenly 
interpreted as very large solar neutron intensities.  At small heliocentric distances, one could 
make neutron measurements of the quiet Sun—a solar “CRAND” source, where ambient GCRs 
produce free neutrons when interacting with the solar atmosphere (Orlando et al. 2009).  
 The science requirements for a future SmallSAT are detailed in Table 1 with an overarching 
science goal: to investigate and constrain particle acceleration models in solar flares through 
measurements of the solar neutrons between 20-150 MeV, while simultaneously being able to 
perform new measurements of the lunar neutron albedo.  The energy range requirement covers 
the peak solar neutron flux observed at 1 AU, while the energy resolution is adequate to 
determine the largely featureless energy spectrum, much like a hard X-ray spectrum.  To clearly 
investigate the time gap of ~10 minutes between the impulsive phase and the onset of the 100 
MeV 𝛾 rays, see Fig. 2, the neutron release time should be measured to within two minutes, 
corresponding to an energy resolution of 23% FWHM.  Determining the neutron direction is 
essential for adequately suppressing neutron backgrounds.  An angular resolution of 10º ensures 
precise source identification and significant (>99%) suppression of local background, as it 
corresponds to <1% of the full solid angle.  The mass, volume, power, and data rate objectives 
are shown for a heliospheric SmallSAT or Lunar Gateway opportunity, but could be larger for 
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LEO platform.  Several enabling technologies for SmallSAT platforms make this an appropriate 
time to develop instrumentation to address these questions, including (1) silicon 
photomultipliers, (2) multi-channel ASICs, and (3) new hydrogenous scintillators. 
 To make progress on understanding particle acceleration at the Sun, neutron 
measurements provide a critical unexplored window.  The complement of neutron and γ-ray 
observations would cover a broad range in interacting ion energy at the Sun from several MeV 
to hundreds of MeV with different reaction thresholds such that the temporal evolution can be 
studied in detail. 
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Table 1: Science Traceability Matrix for a Future (10-cm)3 SmallSAT Neutron Spectrometer
NASA Heliophysics 

Science Goals
Science 
Goals

Science 
Questions

C. Investigation Objective Requirements Mission Top Level  
Requ.

Measurement Requirement Performance

*Explore the 
physical processes at 
work from the sun 
to the Earth 
*Advance our 
understanding of the 
connections between 
the sun, Earth, the 
planetary space 
*Develop the 
knowledge to detect 
and predict extreme 
conditions in space 

Constrain 
mechanisms 
for particle 
acceleration 
at the Sun

Do solar flares 
typically 
exhibit 

prolonged 
acceleration? 

Are the 
impulsive and 

extended 
phases of 

flares related?  

What is the 
maximum 

particle 
energy for a 
given flare ? 

Neutron 
Energy 
Spectrum 

Energy 
Range & Res. 

30-100 MeV              
25% FWHM 

30-150 MeV   
20% FWHM

* Acceptable Orbits:  
L1, LEO, Lunar, & 
inner Heliosphere, 
Long Duration 
Balloon 

* Launch Dates:      
Solar Max Preferred  

* Duration: >4 months 
* Mass: 13kg (17.5 kg w/ 

30% contingency) 
* Power : 5W 
* Volume : ~12 U 
* Temp range: 5oC-35∘oC 
* Data : 100 Mb/day 

Release Time
Neutron 
Release time 
Uncertainty 

76 s @ 50 MeV 61 s @ 50 MeV 
(using track 
range)

Neutron 
angular 

distribution

Angular Res. ≤ 10º @ 50 MeV ≤ 7º @ 50 MeV 

Background 
Rejection 

0.1 sr 0.05 sr

Field of View 
Effective 
Area

90º FWHM 
1 mm2 @ 70 MeV

bi-directional 
1 mm2 @ 70 MeV
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