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Two coincidences & implications for mass and 
energy scaling

Lateral distributions

Neutron production in simulations of extensive air showers

Production mechanisms across energy spectrum

Arrival times at the ground

• energy spectrum from meV to TeV

• arrival times at different atmospheric depths

• longitudinal evolution and lateral distributions

• dependencies on primary mass and energy

• comparisons to muonic component

• Monte Carlo simulation package for particle transport 
and interactions with matter


• Validation: accelerators and cosmic ray 
measurements for different depths and conditions


• Allowed extension of study to thermal energies
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FIG. 5. Cross sections of neutrons for different target nuclei rep-
resenting the atmosphere. The inset is highlighting the resonance
structure around 1 MeV neutron kinetic energy. The cross section
data have been taken from the evaluation Endf/B-Viii.0 [19]

C. Energy Scaling of Particle Spectra

Following the discussion on the shower development and
the dependence of the neutron and muon spectra on atmo-
spheric depth, we analyse the scaling of these spectra with
the primary energy in this Section.

For hadronically produced particles, like muons, we expect
from the Heitler-Matthews model [38], that their number in-
creases with Eb with b ⇠ 0.9. In our simulations, we see that
after linearly re-scaling with the primary energy, the muon
flux of the highest primary energy is lower than that of the
lower primary energy as shown in the spectra of Fig. 9.

In contrast, muon production in photon showers scales lin-
early with energy, again in agreement from the expectations of
the Heitler model as evident from the perfect agreement in the
high-energy tail of the muon spectra shown as dashed lines in
Fig. 9.

Surprisingly, such a linear energy scaling seems also to be
present in the case of high-energy neutrons, as Fig. 10 shows.
However, this is again the result of two effects: Firstly, the
number of neutrons increases with energy in the same way as
those of muons. Secondly, the shift of higher-energy showers
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FIG. 6. Longitudinal developement of the particle content in muons
(solid), neutrons (dashed) (above 10MeV), and anti-neutrons (dot-
ted) for different primary particles. We use a primary energy of
5.6⇥1016 eV in this comparison. The fluence is calculated follow-
ing Eq. (1). if desired, a version at E = 5.6x1018 exists: “pri-
mary profiles n mu nbar 18 log”

deeper into the atmosphere reduces the attenuation of neutrons
and, hence, additionally increases the number of neutrons at
ground. This attenuation effect is negligible for muons, as can
be inferred from the lack of variation of the muon spectra as
function of observation depth in Fig. 7.

Effectively, a scaling of the neutron flux (at high energy
only) approximately proportional to the shower energy is
found for observation depths deeper than the shower maxi-
mum in our simulations. With the shower maximum for ver-
tical showers reaching ground at typical observation sites at
energies beyond 1018 eV, this scaling is expected to be broken
at energies beyond our simulations.

D. Arrival Times of Particles on Ground

A characteristic difference of neutrons that has been used
in earlier works for identification, is the different arrival time
distribution compared with other shower particles. rephrase:
To quantify the arrival times, we show the delay of a particle
arriving at a point on ground with respect to a particle moving

• Difference between primaries 
evolves with atmospheric depth


• Countering effects: 
 
 
 
 
 

• Differences in muon fluence 
between primaries more 
constant (larger attenuation length)

• At maximum: neutron number scales 
with energy as with muons


• Neutrons in showers with higher 
energy suffer less attenuation as 
maximum deeper


• Result: number of neutrons reaching 
ground scales linearly with energy 
for hadronic primaries (at ~850 g/cm2)


• Contrasts with Eβ (where β≈0.9) 
scaling of muons

Ralph Engel1,2, Alfredo Ferrari1, Markus Roth1, Martin Schimassek1, David Schmidt2, Darko Veberic1

• Bulk of muons 
within 1 µs


• Bulk of neutrons 
after 1 µs
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FIG. 13. Radial dependence of the muon and neutron distributions
for different primaries. Proton showers are shown in red, iron ones in
blue, and photon showers in black. We integrate muons over the full
energy range (solid), and show two energy selections for neutrons
(dashed, dotted). The binning represents the binning of the simula-
tions presented in Section III.

we show the fluence profiles of neutrons with kinetic energies
above 10 MeV rescaled linearly in inverse energy. We recover
the expected scaling with energy – the same as for muons in
Fig. 18 – if we focus on the maximal number of particles only.
The strong attenuation is clearly visible and the approximate
linear scaling at a depth of 850 g/cm2 is recovered as cross-
over point of the profiles of different energies.

Interestingly, the number of neutrons produced in photon
showers is closer to that of hadronic showers than for muons,
visible by the absence of additional scaling factors for the pho-
ton spectra in Fig. 19. At sea-level and for E = 5.6⇥1018 eV,
we expect only a 25% decrease in neutron numbers compared
to iron showers. At different atmospheric depths this differ-
ence is enhanced due to the differences in Xmax of photon and
hadronic showers.

To analyse the difference between different primaries fur-
ther, we show muon fluence profiles for proton, iron, and
photon showers for two energies in Fig. 20. As in the dis-
cussion of the energy spectra, we recover the expected dif-
ference of about 25% in number of muons between proton
and iron for both energies. We use E = 5.6⇥1014 eV and
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FIG. 14. Radial dependence of the muon and neutron distributions
for different primaries. Proton showers are shown in red, iron ones
in blue, and photon showers in black. We integrate muons over the
full energy range (solid), and show two energy selections for neu-
trons (dashed, dotted). The binning is the same as presented in Sec-
tion III and plotted are the bin centers. for reference/choice: a ver-
sion of this plot with E = 5.6 ⇥ 1018 eV exists in the latest folder:
“radial bins 18 marker”

E = 5.6⇥1018 eV showers to span the complete phase-space
covered by our simulation study. Profiles of photon showers
are again rescaled by a factor 5 to increase visibility.

In Fig. 21 we repeat this comparison for neutrons with ki-
netic energies larger than 10 MeV. Due to the overlap previ-
ously described as numerical coincidence in the scalings, the
situation is less clear than in the muon case. Starting with the
dashed lines of the (rescaled) E = 5.6⇥1014 eV showers, we
can see that the expected difference of maximal number of
neutrons between proton and iron showers is given. However,
due to the attenuation, the profiles cross at about 700 g/cm2

and follow each other closely afterwards. For the higher en-
ergy showers the situation is very similar. After the different
maximal number of particles is reached, the attenuation leads
to a cross-over point of the proton and iron profiles, coinciden-
tally at a very similar level as for the (rescaled) lower energy
profiles. Note however, that the cross-over point with (exact)
equality in number of neutrons shifted to about 950 g/cm2.

Thus, we assume that for a precise prediction of neutrons

Slope for neutrons flatter 
than that of muons


Slope for proton primaries 
slightly steeper than for 
iron primaries (analogous 
to muonic component)


Photons: Nn ≈ Nμ

1Institute for Astroparticle Physics, 2Institute of Experimental Particle Physics - Karlsruhe Institute of Technology, Germany

Study of neutrons produced in simulated air showers
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FIG. 3. Energy spectrum of muons in simulations performed with
different primaries. The primary energy is identical for all species
with 5.6⇥1016 eV and the muon spectrum is calculated at ground
level. The lower panel shows the ratio of the spectra to the iron spec-
trum highlighting the expected scaling of the muon number with pri-
mary mass.

FIXME Text draft is written without reference to the profile
plots.

The equality of neutron number in proton and iron show-
ers is a numerical coincidence that holds approximately at the
other energies considered here as well. It is related to the
attenuation of neutrons in the atmosphere and is illustrated
by the comparisons shown in Fig. 6. The difference between
the muon fluences (solid lines) of iron and proton showers in
Fig. 6 follows the expectations and changes only slightly with
increasing atmospheric depth given the large muon attenua-
tion length. On the other hand, for neutrons (dashed lines) the
decreasing trend of the fluence after the maximum is clearly
visible. The numerical coincidence that for vertical incidence
proton and iron showers have approximately the same neu-
tron content is identified by the cross-over of the red and blue
dashed lines in Fig. 6 and is caused by the interplay between
shifted maximum of shower depth and additional hadronic en-
ergy between proton and iron showers.

The changes of the energy spectrum of particles with in-
creased atmospheric depth – and thus attenuation – can be in-
ferred from Figs. 7 and 8.
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FIG. 4. Energy spectrum of neutrons (solid) and anti-
neutrons (dashed) in simulations of different primaries with energy
5.6⇥1016 eV at ground level. The lower panel shows the ratio of
the spectra to the proton spectrum. For lower neutron energies a
universal spectrum is observed, common to both hadronic and elec-
tromagnetic showers. At higher neutron energies a clear difference
between photon and hadron showers is visible. The comparison with
the anti-neutron spectra highlights hadronic pair-creation as produc-
tion mechanism at those neutron energies. Proton and iron showers
are remarkably similar in neutron spectra at these energies on ground.

The muon flux does not significantly decrease at depth val-
ues larger than the shower maximum as visible from the lack
of variation in the high energy part of Fig. 7. The number of
neutrons however decreases by nuclear interactions and en-
ergy losses due to scattering. Equally the anti-neutrons shown
in Fig. 8 as dashed lines show a strong attenuation.

The so-called neutron removal length is estimated to be of
the order of 100 g/cm2. In fact, the originally larger produc-
tion rate of neutrons in iron showers, similar to that of muons,
is not visible in Fig. 4 because the iron showers have a shower
maximum that is about 120 g/cm2 lower than that of protons.
The additional depth from the maximum to the observation
level that neutrons have to traverse in the case of iron showers
makes the high-energy neutron flux of proton and iron show-
ers numerically very similar.
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other energies considered here as well. It is related to the
attenuation of neutrons in the atmosphere and is illustrated
by the comparisons shown in Fig. 6. The difference between
the muon fluences (solid lines) of iron and proton showers in
Fig. 6 follows the expectations and changes only slightly with
increasing atmospheric depth given the large muon attenua-
tion length. On the other hand, for neutrons (dashed lines) the
decreasing trend of the fluence after the maximum is clearly
visible. The numerical coincidence that for vertical incidence
proton and iron showers have approximately the same neu-
tron content is identified by the cross-over of the red and blue
dashed lines in Fig. 6 and is caused by the interplay between
shifted maximum of shower depth and additional hadronic en-
ergy between proton and iron showers.
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creased atmospheric depth – and thus attenuation – can be in-
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FIG. 4. Energy spectrum of neutrons (solid) and anti-
neutrons (dashed) in simulations of different primaries with energy
5.6⇥1016 eV at ground level. The lower panel shows the ratio of
the spectra to the proton spectrum. For lower neutron energies a
universal spectrum is observed, common to both hadronic and elec-
tromagnetic showers. At higher neutron energies a clear difference
between photon and hadron showers is visible. The comparison with
the anti-neutron spectra highlights hadronic pair-creation as produc-
tion mechanism at those neutron energies. Proton and iron showers
are remarkably similar in neutron spectra at these energies on ground.

The muon flux does not significantly decrease at depth val-
ues larger than the shower maximum as visible from the lack
of variation in the high energy part of Fig. 7. The number of
neutrons however decreases by nuclear interactions and en-
ergy losses due to scattering. Equally the anti-neutrons shown
in Fig. 8 as dashed lines show a strong attenuation.

The so-called neutron removal length is estimated to be of
the order of 100 g/cm2. In fact, the originally larger produc-
tion rate of neutrons in iron showers, similar to that of muons,
is not visible in Fig. 4 because the iron showers have a shower
maximum that is about 120 g/cm2 lower than that of protons.
The additional depth from the maximum to the observation
level that neutrons have to traverse in the case of iron showers
makes the high-energy neutron flux of proton and iron show-
ers numerically very similar.

Fed by neutrons 
produced in same 
hadronic interactions 
as pions/kaons that 
produce muons

Quasi-elastic peak. 

Result of neutron-nucleon 
interactions below pion 
production threshold and 
broad minimum in nucleon-
nucleon cross sections 
between 100 and 300 MeV

Below 
10-20 MeV, 
propagation 
described 
by diffusion

Resonance cross 
section channels 
(target material 
dependent)

E-1 spectrum in case 
of ideal moderator 
with negligible 
absorption

Thermalization 
(dependent on H 
content in target)

High-energy neutrons: 
n ≈ n̄
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FIG. 11. Energy spectra of muons for different arrival times. We
show selected logarithmically spaced time bins for 5.6⇥1016 eV
proton showers at ground level: (a) = (0.1 . . .0.215)ns, (b) =
(0.464 . . .1)ns, (c) = (4.64 . . .10)ns, (d) = (46.4 . . .100)ns, (e) =
(464 . . .1000)ns, and ( f ) = (4.64 . . .46.4)µs. As expected, the
muons of highest energies have the smallest delays and overall ar-
rival times are within a couple of microseconds for all muons.

Comparing the red and black or gray spectra it is clear that
the number of neutrons at these large distances and delays is
comparable to the number of muons. These properties quali-
tatively agree with those reported by Linsley [2] and others.

For showers of the same energy at a deeper observation
level, Xdet = 878g/cm2 with ground level similar to the Pierre
Auger site, we show the spectra in Fig. 17. The observations
are very similar to Fig. 16, with the main difference being a
stronger contribution of the few MeV neutrons compared to
the 100 MeV ones, and the smaller number of neutrons com-
pared to muons. However, we expect that the last statement is
only true at the given energy and that the situation is different
at higher energies.

V. LONGITUDINAL PROFILES AND SCALING

Following, the multitude of numerical coincidences ob-
served in the energy spectra we want to further deepen our
understanding of the exact origin and confirm the explana-
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FIG. 12. Energy spectra of neutrons for different arrival
times. We show only selected time bins for 5.6⇥1016 eV
proton showers at ground level: (a) = (4.64 . . .10)ns, (b) =
(46.4 . . .100)ns, (c) = (464 . . .1000)ns, (d) = (4.64 . . .10)µs, (e) =
(46.4 . . .100)µs, ( f ) = (464 . . .1000)µs, (g) = (4.64 . . .10)ms, and
(h) = (46.4 . . .100)ms. As visible from the lower panel showing the
ratio of the spectra to the total, neutrons of a given energy have a
characteristic delay. This delay can amount to several microseconds
at MeV energies and several hundred milliseconds for thermal neu-
trons.

tions given in the previous Sections. We use the fluence (cf.
Eq. (1)) of particles scored in the 100 atmospheric layers of
the simulation to analyse the longitudinal development of the
shower in more detail.

In Fig. 18 we show the fluence profiles of muons for show-
ers of different energies. By scaling inversely linear with
energy we can highlight the expected scaling at any depth.
With the slight exception of shower with an energy of E =
5.6⇥1014 eV, the profiles are parallel for different energies and
follow the expected scaling. It is also clearly visible that for
photon showers – dashed lines rescaled with an additional fac-
tor 5 for visibility – the linear scaling is true, if losses due to
attenuation are ignored. For practical purposes this is a good
approximation given that the attenuation is of the order of 50%
over four decades in energy.

For neutrons, the situation is different as already derived
from the energy spectra in the previous Section. In Fig. 19

Ice surface
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muons
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Many orders of 
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Red: arrival times 
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For larger delays:
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Mass dependence
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nuclear interactions 
and scattering

Energy dependence

Vertical showers for five primary energies (5.6×1014…18 eV) considered
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• Neutrons often neglected in cosmic-ray / air-shower physics

• Distinct characteristics relative to other components

• Abundance alone justifies consideration of influence on 

existing + future measurements and potential to exploit

Takeaway:
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FIG. 13. Radial dependence of the muon and neutron distributions
for different primaries. Proton showers are shown in red, iron ones in
blue, and photon showers in black. We integrate muons over the full
energy range (solid), and show two energy selections for neutrons
(dashed, dotted). The binning represents the binning of the simula-
tions presented in Section III.

we show the fluence profiles of neutrons with kinetic energies
above 10 MeV rescaled linearly in inverse energy. We recover
the expected scaling with energy – the same as for muons in
Fig. 18 – if we focus on the maximal number of particles only.
The strong attenuation is clearly visible and the approximate
linear scaling at a depth of 850 g/cm2 is recovered as cross-
over point of the profiles of different energies.

Interestingly, the number of neutrons produced in photon
showers is closer to that of hadronic showers than for muons,
visible by the absence of additional scaling factors for the pho-
ton spectra in Fig. 19. At sea-level and for E = 5.6⇥1018 eV,
we expect only a 25% decrease in neutron numbers compared
to iron showers. At different atmospheric depths this differ-
ence is enhanced due to the differences in Xmax of photon and
hadronic showers.

To analyse the difference between different primaries fur-
ther, we show muon fluence profiles for proton, iron, and
photon showers for two energies in Fig. 20. As in the dis-
cussion of the energy spectra, we recover the expected dif-
ference of about 25% in number of muons between proton
and iron for both energies. We use E = 5.6⇥1014 eV and
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FIG. 14. Radial dependence of the muon and neutron distributions
for different primaries. Proton showers are shown in red, iron ones
in blue, and photon showers in black. We integrate muons over the
full energy range (solid), and show two energy selections for neu-
trons (dashed, dotted). The binning is the same as presented in Sec-
tion III and plotted are the bin centers. for reference/choice: a ver-
sion of this plot with E = 5.6 ⇥ 1018 eV exists in the latest folder:
“radial bins 18 marker”

E = 5.6⇥1018 eV showers to span the complete phase-space
covered by our simulation study. Profiles of photon showers
are again rescaled by a factor 5 to increase visibility.

In Fig. 21 we repeat this comparison for neutrons with ki-
netic energies larger than 10 MeV. Due to the overlap previ-
ously described as numerical coincidence in the scalings, the
situation is less clear than in the muon case. Starting with the
dashed lines of the (rescaled) E = 5.6⇥1014 eV showers, we
can see that the expected difference of maximal number of
neutrons between proton and iron showers is given. However,
due to the attenuation, the profiles cross at about 700 g/cm2

and follow each other closely afterwards. For the higher en-
ergy showers the situation is very similar. After the different
maximal number of particles is reached, the attenuation leads
to a cross-over point of the proton and iron profiles, coinciden-
tally at a very similar level as for the (rescaled) lower energy
profiles. Note however, that the cross-over point with (exact)
equality in number of neutrons shifted to about 950 g/cm2.

Thus, we assume that for a precise prediction of neutrons
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FIG. 7. Differences of the muon energy spectra for 5.6⇥1016 eV iron
showers at different atmospheric depths. The lower panel shows the
ratio of the spectra to the ground-level one to increase the visibility
of the changes.

distribution compared with other shower particles. rephrase:
To quantify the arrival times, we show the delay of a particle
arriving at a point on ground with respect to a particle moving
with the speed of light from the first interaction point of the
shower.

The energy distribution of muons with different time de-
lays is shown in Fig. 11. The bulk of muons arrive within
1 µs, with the typical delays following the muon energy. This
scaling follows from the (more or less?) direct path the muons
take after production with higher energy ones being produced
earlier in the shower leading to smaller time delays from scat-
tering of the parent particles. probably not entirely true !
check

In contrast to the small delays of muons, the neutrons ar-
riving at ground span many orders of magnitude in their delay
as visible in Fig. 12. For the bulk of the thermal neutrons, the
arrival time is of the order of 0.1 s while the highest energy
parts have delays similar to those of muons. However, the
characteristic time scales for neutrons that can be expected to
produce a measureable signal in any detector – i.e. kinetic en-
ergies of several MeV up to 1 GeV – are 1 to 10 µs. Thus,
it depends on the exact energy relevant for detection and the
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FIG. 8. Energy spectrum of neutrons (solid) and anti-neutrons
(dashed) in simulations of 5.6⇥1016 eV iron showers at different at-
mospheric depths. The lower panel shows the ratio of the spectra to
the 878 g/cm2 spectrum neutron spectrum on a logarithmic scale.

applied data taking scheme whether or not these neutrons are
measured in cosmic-ray events.

E. Radial Distributions

Do we keep this section and how verbose will this be?
Following the discussions of the full particle energy spec-

tra, we can use the information available in the limited amount
of radial bins of the simulations to derive features of the lat-
eral distributions of particles. To obtain a lateral distribution,
we integrate the energy spectra above a given minimal en-
ergy and normalise it to the area of the radial bin. In Fig. 13
we show the resulting particle numbers as function of the
maximal radius of the bins for different primary particles at
E = 5.6⇥1016 eV and Xdet = 675g/cm2. We can infer from
the slopes that the radial distribution of neutrons is energy de-
pendent and typically wider than that of muons. This is es-
pecially true for typical neutron energies of several MeV that
could also be detected in cosmic-ray observatories.

Additionally, we can see that the minor differences of pro-
ton and iron lateral distributions of neutrons follow that of
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