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Figure 1. Scintillator signals showing SLP, identified 
by event serial number and, following the hyphen, 
channel number. Also shown are a typical 
bandwidth-limited test pulse (BWL) and a typical train 
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Catalogue. Tracings are shown in figure 1 ,  together with tracings of a typical bandwidth- 
limited (BWL) pulse and a typical train of 1 MHz timing pulses. 

In order to rule out instrumental effects such as photomultiplier after-pulsing as the 
source of delayed pulses, the following tests were made. 

(1) All 1962-3 AS signals in the same size range as signals preceding the SLP in 
figure 1 were examined for the presence of delayed pulses. (The pulses preceding the SLP 
have integrated charge values 4 4 0  times the average for a vertical minimum ionising 
muon.) In 132 cases out of 1648 the prompt pulse was followed after 3-lops by a well 
defined delayed pulse (DP). It was determined that the fraction of DP was the same within 
statistical errors for all 19 channels corresponding to the 19 scintillators that made up the 
Volcano Ranch array. 

(2) The 1648 DP candidates were then sorted according to shower size, using bins 
a factor of two in width. It was determined that the showers in the two lowest-sized bins 
(41 candidate pulses) had no DP, and that showers in the next higher bin (shower size 
(2-4) x lo7 particles, 169 candidates) had only three DP. The fraction of DP belonging 
to larger showers steadily increased as shown in figure 2, reaching a value of about 
0.2 for the highest three bins. 

While it is not quite true that pulses of a given size from large showers are identical to 
pulses of the same size from smaller ones, the differences there are, in average pulse 
duration, fail to account for the shower size dependence seen in figure 2. Ignoring the 
differences in duration, I take it that the fraction of DP in small-shower pulses gives an 
upper limit for the percentage of DP that might be instrumental (spurious). I conclude that 
no more than 10% of the DP in large showers (size N > 10’) are permitted by this test to be 
instrumental (plus accidental). 

J. Linsley 
(J. Phys. G: Nucl. Phys. 10 (1984) L191)

- Sub-luminal pulses with a delay of at least 3µs

- Sometimes several pulses observed

- Typically 1 km from core, high-energy showers

- Greisen: neutrons as sub-luminal particles

Vulcano Ranch (1962-63)

10 µs

Note by A.M. Hillas (1982)  

Today: Extensive literature on dedicated neutron measurements (e.g. Stenkin and others)
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Abstract—Interest to study neutrons produced in Extensive Air Showers (EAS) is rising last years.
History and recent publications on this subject are overviewed and estimated. Advantages of the method
to study hadronic component being the main EAS component, as well as perspectives of the method are
shown using ENDA-LHAASO project as an example.
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1. INTRODUCTION

Environmental neutrons study started soon after
the neutron discovery in 1932. At those times, there
were no artificial neutron sources nor accelerators nor
nuclear power stations and thus people used natural
radioactivity and cosmic rays able to produce neu-
trons in nuclear reactions. Extensive Air Showers
(EAS) were already known at this time but nobody
knew its origin and its phenomenology was only un-
der development beginning. Experimental study of
EAS’ started in 40-s when EAS method was pro-
posed and special detector arrays were constructed.
This led people to better understanding of EAS phe-
nomenology and EAS method to study very high-
energy cosmic rays through secondary particles was
developed and realized. Nevertheless, the problems of
the method still exist up to date because nobody set
limits to primary cosmic ray energy range where the
method works properly.

2. EAS PHENOMENOLOGY AND ITS
HISTORY

H. Bethe and coauthors have made first calcula-
tions of neutrons in atmosphere many years ago [1].
They calculated neutron production in air by cosmic
rays, neutron moderation and diffusion in air and in
upper layer of soil, etc. They estimated neutron flux in
atmosphere above soil and above water and conclude
that neutrons do not fly far from the point of their
production and their flux is lower above water surface.

Later, in the end of 40-s, V. Tongiorgi has made
under a guidance of famous physicists G. Cocconi
and K. Greisen a series of measurements of EAS’ with
neutron counters [2–4] and it was shown that neu-
trons are present in EAS along with other “nuclear

*E-mail: stenkin@sci.lebedev.ru

active particles”. It was quite surprising because
at those times people thought that EAS is electro-
magnetic cascade in air. Moreover, they correctly
estimated that amount of the nuclear active parti-
cles (or hadrons in current terminology) is equal to
∼2−3% between all EAS particles, being mostly of
electromagnetic origin—electron component. Unfor-
tunately, these pioneer works were later forgotten for
a long time.

These works as well as multiple contradictions
accumulated in EAS measurements led G. Zatsepin
to changing EAS phenomenology [5]: he has shown
in late 40-s and beginning of 50-s that EAS is a
hadronic cascade developing in atmosphere while
electron component is secondary one produced by
decays of neutral pions starting electromagnetic sub-
cascades. Superposition of many these subcascades
forms EAS and the main hadronic and secondary
electron components are in equilibrium. Zatsepin
compared EAS hadronic component with a skeleton,
forming its structure and properties at observation
level.

Later K. Greisen has published a very interesting
paper also clarifying the EAS phenomenology [6]. His
words: “The nuclear cascade which is a backbone of
shower is dominated by a few high-energy particles,
sometimes only one, in the core of the shower. . . .”
and then “. . . it is only natural that large fluctuations
in the energy balance should occur from one shower
to another, particularly among the smaller showers,
in which there is often only a single particle of high
energy in the core”. He was very close to the next
step in EAS phenomenology but he unfortunately
never put a question: what will be when the last
high energy cascading hadron disappears? That
means the equilibrium between EAS components
violation results in changes in its structure and all
its properties. We called such EAS as coreless or
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Fig. 1. Contribution of neutrons recorded in nuclear cascades (right part of the histogram) in comparison with electromagnetic
cascades, reproduced from [11].

the threshold for delay (>6 µs) is too small for thermal
neutrons. They need to be moderated before capture
and this process needs ∼20 µs in water and much
higher in soil ∼500 µs and even much higher in air.
Therefore, gammas recorded with delays of only a few
µs are not produced by neutron capture. They could
originate from multiply scattered gammas coming
from far distances or so.

Recent paper published by physicists close to
CORSIKA developers and to KASCADE collabo-
ration concerns neutrons in EAS simulations [24].
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Fig. 2. Neutron fluence as a function of shower size Ne as
measured by the Tian-Shan array, reproduced from [25].

They confirmed the old idea of J. Linsley about the
existence of “subluminal neutrons” in EAS. However,
as mentioned above, it is very difficult to record these
subluminal but still fast neutrons with delays of only
a few microseconds. Therefore, experimentalists
recording thermal neutrons in EAS cannot use these
calculations. Our numerous results have shown that
a great bulk of thermal neutrons recorded by surface
detectors are produced not in air but in soil under the
detectors by high-energy hadrons. Neutron lifetime
in soil is of ∼1 ms and much higher in air. That is
why we use time gate for neutron recording 0.1–
20 ms. This allows us to exclude first 100 µs after
EAS front and thus exclude electronics dead time and
PMT saturation even in very powerful EAS without
decrease of neutron recording efficiency.

In this paper one could find an argument against
the previously cited paper [23] result: “a lower abun-
dance of neutrons in photon-induced air showers may
provide additional information to differentiate them
from hadronically-induced showers”.

Finally, I would like to mention a recent work of
Tian-Shan group [25]. The experiment has many
different detectors for different EAS components in-
cluding neutrons. In Fig. 2 we reproduce right panel
of Fig. 4 from [25]. The authors find such behavior
“peculiar” but the plot is similar to what we measure
with ENDA and its prototypes and it can be explained
very easily and naturally by appearance of hadrons
at the observation level at Ne ∼ 106 as mentioned
above in Section 2. Looking at the plot scales
carefully one could see that below EAS size ≈ 106

the number of neutrons (and their fluence) is very low
being ≪ 1. It means that showers are coreless and
hadronless in this region. Only above this threshold
showers become normal and dependence of neutron
number vs shower size starts following nearly linear
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Reconstruction of Events David Schmidt

Figure 2: Left: Sample traces measured by a WCD and SSD. The black, dashed vertical lines indicate the
integration window as determined from traces of the three WCD PMTs alone. Merging of the signal windows
independently determined for the WCD and SSD PMTs resulted in an integration window with a stop bin
(dashed pink line) approximately 800 ns later. Right: Relative increase of the SSD signal as calculated with
the merged integration window as compared with the window determined from the PMTs of the WCD alone.

causally connected to the event. An elaborate algorithm determining whether adjacent segments
of traces with signal are causally connected was developed for application to the traces measured
by the three WCD PMTs [7]. At present, this algorithm is applied as is to the additional trace of
the SSD PMT. If the segment of the SSD trace determined to have signal related to the shower in
question has its start prior to or its finish after the integration window of the WCD, the merged
window from the SSD and WCD PMTs is used to calculate the SSD signal. Signals significantly
after those of the WCD are observed in SSD traces, examples of which are shown in Fig. 2 (left),
and SSD signals calculated using the merged window are on average approximately 10% larger
than when using the window determined using exclusively measurements of the WCD PMTs for
measurements where the WCD signal is less than 10 VEM (see Fig. 2 (right)). The magnitude of
these additional contributions to the SSD signal decrease relative to the total signal with increasing
signal size and amount to less than 1% on average for measurements where the WCD signal is
greater than 60 VEM. Studies on the impact of using the merged integration window to calculate
the WCD signal were also performed to determine if the additional information from the SSD aids
in picking up on sub-threshold signals in the WCD, but no significant changes were observed. The
algorithms for the WCD making use only of the WCD PMTs were therefore kept for compatibility
with WCD measurements prior to the AugerPrime era.

Uncertainties in signal measurement The signal measured by an SSD derives from a sample
of the lateral distribution of particles at the ground and therefore has an associated uncertainty.
Traditionally, this uncertainty is measured with so-called “multiplet” stations, which are two or
more detectors separated by ⇠10 m, which sample essentially the same position in the shower plane
for a given shower. In the case of the SSD, for which measured showers were initially scarce, so-
called pseudo-doublets were simulated. These consisted of pairs of stations, each at the same lateral
distance of 1000 m in the shower plane and on laterally opposite sides of the shower axis (see Fig. 3
(left)). Two SSDs simulated at a distance of 10 m from one another could not be used to derive signal
uncertainties as the thinning algorithms used in air shower simulations would result in a distortion

4

D. Schmidt, Pierre Auger Collaboration 
(ICRC 2021)

- Late signals seen in scintillators (SSD)

- Late pulses have no coincident signal 

in water-Cherenkov detectors (WCD)

Scintillators in Auger Observatory Scintillators in Telescope Array

- Two layers of scintillators, steel plate

- Late signals seen in scintillators

- Late pulses in only one of the 

two scintillator layers?

TA Collaboration 
(Amaterasu event, Science 2024)

classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary
particle. However, the classifier is unable to
distinguish between protons and heavier nuclei

for this event because the fluorescence de-
tectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.
1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector

simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA
SD (12), the migration effect (whereby lower
energy showers are reconstructed with higher

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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Jörg R. Hörandel - RD - AugerPrime review, November 2023

• hardware developed and 
manufactured (1700/2000 units)  

• deployment progressing well 

• end-to-end simulation of 
performance  

• fully integrated in Auger analysis 
framework (offline)  

• horizontal EAS reconstruction 
available in offline   

• monitoring and calibration tools 
available  

• 1st data confirm expectations  

• hybrid reconstruction  
RD —> e/m, WCD —> µ  

• working on radio (only) trigger  

• preparing reconstruction of  
gamma rays and neutrinos

16

Radio Detector
AugerPrime review

�E ⇡ 6%

~5 µs
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Simulation of neutrons in FLUKA
❑ FLUKA: neutrons below 20 MeV low-energy neutrons 
❑ Neutron interactions at higher energy are handled by 

FLUKA nuclear models
❑ Transport and interactions of neutrons with energies 

below 20 MeV are handled by a dedicated library 
(matrix-transfer calculation)

Why are low-energy neutrons special?
➢ No charge and ~ ∞ lifetime ➔ can (only) undergo nuclear 

interactions even at very low energies, e.g. meV
➢ Cross sections (σ) are complex and structure rich ➔ cannot 

be calculated by models ➔ we rely (like all codes) on 
evaluated data files

➢ Even at “thermal” energies neutrons can still generate 
several MeV’s of γ’s and/or charged particles through capture

(A. Ferrari, P.R. Sala, A. Fasso, J. Ranft, FLUKA: 
A multi-particle transport code, CERN-2005-010) www.fluka.org
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FIG. 3. Cross sections of neutrons for different target nuclei rep-
resenting the atmosphere. The inset is highlighting the resonance
structure at around 1 MeV of neutron kinetic energy. Dashed col-
ored lines indicate the elastic cross section for the two chosen target
nuclei. The cross-section data have been taken from the evaluation
ENDF/B-VIII.0 [19]. Above 150 MeV, we show the total cross sec-
tion from FLUKA [41] for nitrogen as dash-dotted black line to high-
light features at higher energies.

much more abundant photons with air nuclei in an air shower.
The equality of neutrons from proton and iron showers is a
numerical coincidence governed by the shower development
that we discuss in the next Section.

B. Depth Evolution

Following the discussion of the energy spectra of neutrons
and their production mechanisms in the previous section, we
focus on the development of the neutron component of air
showers with atmospheric depth to understand the numeri-
cal coincidence of equal neutron numbers for proton and iron
showers.

Similarly to the previous discussion on the overall energy
spectrum, we here also use the muon component as reference
for comparison. A first hint towards explaining the difference
in neutron dependence on primary mass can be inferred from
the energy spectra, as used in the previous section, but high-

lighting different atmospheric depths. Fig. 4 shows the en-
ergy spectra of muons (left) and neutrons (right) for a set of
five different atmospheric depths bracketing the maximum of
the shower. From the distribution of the muons in the left
panel, we can see – with the exception of the spectrum at
Xdet = 399g/cm2 before the maximum – that the variations
of the high-energy muons are less than 20%. This expected
result highlights the absence of strong attenuation of muons
in the atmosphere.

In contrast, the right panel of Fig. 4 shows the spectra of
neutrons in the same atmospheric depths with strongly visi-
ble variations. The bottom panel, displaying the ratio of the
spectra in logarithmic scale, clearly emphasizes the different
processes relevant for these strong differences. At the lowest
thermal energies, the effect of moderation in the ground dom-
inates and leads to the aforementioned thermal peak of neu-
trons at Xdet = 1033g/cm2. For the highest energies, we can
also see a clear difference to muons: the neutrons still inter-
act in the atmosphere down to the ground level and thus shift
their distribution from the highest energies to the MeV range.
In the diffusive regime with an E

�1 spectrum, we observe the
evolution of the shower already in the particle abundance: a
rise from 399 g/cm2 up to 675 g/cm2 with a subsequent de-
crease in overall numbers. This decrease is indicative of the
(expected) stronger attenuation that neutrons experience com-
pared to muons.

To further highlight the difference in attenuation, we can
use the longitudinal profiles constructed from Eq. (1). Fig. 5
shows such profiles for muons and neutrons with kinetic en-
ergy above 10 MeV for different primaries and showers of two
energies. We scale the profiles with the inverse of the energy
to highlight deviations from scaling with E. In the left panel,
for muons, we see that after the shower maxima the profiles
of proton and iron showers run almost parallel, approximately
preserving the difference obtained at the maximum. For neu-
trons in the right panel, as expected from the observation in the
energy spectrum, we see that the attenuation is much stronger
and decisive for the observed similarities between proton and
iron showers. For both energies, we find a similar difference
between proton and iron in neutron number at maximum as
for muons. However, the strong attenuation of neutrons –
usually referred to as neutron-removal length of the order of
100 g/cm2 – combined with the shifted maximum positions
leads to a cross-over point between the two profiles that is fol-
lowed by very similar abundances of neutrons in proton and
iron showers at depths between 850 to 1000 g/cm2.

Thus, we can clearly identify the different attenuations of
neutrons and muons as origin of the unexpected coincidence
that proton and iron shower have very similar numbers of neu-
trons at the ground. From the shift of the cross-over point
between 5.6⇥1014 eV (about 750 g/cm2) and 5.6⇥1018 eV
(about 950 g/cm2) we can also predict that the exact equal-
ity and observed numbers in non-vertical incidence might be
very sensitive to the exact conditions of the atmosphere and
the incidence angle.

http://www.fluka.org


Benchmarking FLUKA with cosmic-ray neutron data 
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Left: neutron energy spectrum 
from air plane measurements 
at different depths

Right: neutron energy 
spectrum measured at 
Zugspitze (2963 m)

Green: for a dry environment
Blue: for an environment 
representative of the exp. 
conditions)
Red: at ground level

Exp. data are actually unfolded 
spectra from multi-sphere Bonner 
spectrometers



Comparison of expectations for muons and neutrons

7

E0
Multiplicity of 
charged pions

o
o
o
o

(Matthews, APP22, 2005)
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Np±,k = (nch)
k
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NA
µ ⇠ A1�bNµ ⇠ 1.4 Nµ

(Superposition model)

Muons 
- Mainly produced in hadronic interactions through  

decay of charged pions and kaons

- Small energy loss, large attenuation length (~1000 g/cm2)

- Directional information approx. preserved

- Arrive early at ground (less multiple scattering 

than em. particles)

Neutrons 
- High energy: mainly produced in hadronic interactions, 

baryon-antibaryon pair production

- Low-energy: photo-dissociation of air nuclei 

- Energy loss due to elastic scattering, 

attenuation length (~100 - 150 g/cm2) 

- Directional information lost, wide lateral distribution

- Bulk of neutrons arrives late with very long time delay 

(neutron cloud / thunder)



Air shower results: primary particle dependence
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Air shower results: depth evolution (attenuation)
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Air shower results: energy dependence
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Air shower results: energy dependence
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FIG. 8. Longitudinal profiles for proton (solid) and photon (dashed) showers scaled inversely linear with energy to highlight deviations from
linear scaling. We use the particle fluence as calculated in Eq. (1) for the profiles and show a linear interpolation between depths defined in
Section III. Left: Longitudinal profiles of muons. Photon shower profiles are additionally multiplied with a factor five to enhance visibility.
Right: Longitudinal profiles of neutrons. We select only neutrons with kinetic energies above 10 MeV in the profiles shown to highlight the
parts potentially detectable in cosmic-ray experiments.

arrays – i.e. kinetic energies of several MeV up to 1 GeV – are
1 to 10 µs. Thus, it depends on the exact energy relevant for
detection and the applied data-taking scheme whether or not
these neutrons are recorded in cosmic-ray events. If we take
the distributions (d) and (e) in Fig. 10, we see that depending
on whether or not the detection sensitivity window is closer
to the resonance region at a few MeV or to the quasi-elastic
peak at a few hundred MeV, the typical time delay shifts by
an order of magnitude from tens of microseconds to a few
microseconds. We compare the abundances of neutrons and
muons in selected time windows targeting typical detection
ranges in Section IV F where we also briefly discuss the influ-
ence of the radial selection on the distribution of arrival times.

E. Radial Distributions

Following the discussions of the energy spectra, we can use
the information available in the radial bins of the simulations
to derive features of the lateral distribution. To obtain a lat-
eral distribution, we integrate the energy spectra above a given
minimal energy and divide it by the area of the radial interval

[r1,r2). With the energy spectrum bins dN(Ei)/dE of width
DEi above this minimal energy, we can write this as

r(rcenter) =
1

p(r2
2 � r

2
1)

Â
i

DEi

dN(Ei|r1,r2)

dE
, (8)

where we have chosen the center of the lateral interval,
rcenter=(r2 + r1)/2, as reference point for plotting. In Fig. 11,
we show the resulting particle densities relative to the muon
density in iron showers as function of the average radius
rcenter of the bins for different primary particles at E =
5.6⇥1016 eV and Xdet = 675g/cm2. We chose the relative
measure r/rµ(Fe) to highlight differences between neutron
and muon lateral distributions that in absolute numbers are
dominated by the steeply falling overall lateral distributions.
For reference, we show the absolute lateral distributions in the
Appendix.

Using neutrons above two different energies, 1 MeV and
1 GeV, we distinguish the two expected regimes of the lat-
eral distributions of neutrons. For high-energy neutrons above
1 GeV, shown as dotted lines in Fig. 11, the slope of the
relative lateral density is negative, indicating that the high-
energy neutrons are concentrated close to the shower axis,

11

0 200 400 600 800 1000
atmospheric depth X / (g/cm2)

0

2

4

6

8
flu

en
ce

pe
rp

ri
m

ar
y

/
10

7

muonsE = 5.6⇥1014 eV (⇥10000)
E = 5.6⇥1015 eV (⇥1000)
E = 5.6⇥1016 eV (⇥100)
E = 5.6⇥1017 eV (⇥10)
E = 5.6⇥1018 eV (⇥1)
photon showers (⇥5)

0 200 400 600 800 1000
atmospheric depth X / (g/cm2)

0

1

2

3

4

5

6

flu
en

ce
pe

rp
ri

m
ar

y
/

10
7

neutrons (E > 10 MeV)E = 5.6⇥1014 eV (⇥10000)
E = 5.6⇥1015 eV (⇥1000)
E = 5.6⇥1016 eV (⇥100)
E = 5.6⇥1017 eV (⇥10)
E = 5.6⇥1018 eV (⇥1)
photon showers

FIG. 8. Longitudinal profiles for proton (solid) and photon (dashed) showers scaled inversely linear with energy to highlight deviations from
linear scaling. We use the particle fluence as calculated in Eq. (1) for the profiles and show a linear interpolation between depths defined in
Section III. Left: Longitudinal profiles of muons. Photon shower profiles are additionally multiplied with a factor five to enhance visibility.
Right: Longitudinal profiles of neutrons. We select only neutrons with kinetic energies above 10 MeV in the profiles shown to highlight the
parts potentially detectable in cosmic-ray experiments.

arrays – i.e. kinetic energies of several MeV up to 1 GeV – are
1 to 10 µs. Thus, it depends on the exact energy relevant for
detection and the applied data-taking scheme whether or not
these neutrons are recorded in cosmic-ray events. If we take
the distributions (d) and (e) in Fig. 10, we see that depending
on whether or not the detection sensitivity window is closer
to the resonance region at a few MeV or to the quasi-elastic
peak at a few hundred MeV, the typical time delay shifts by
an order of magnitude from tens of microseconds to a few
microseconds. We compare the abundances of neutrons and
muons in selected time windows targeting typical detection
ranges in Section IV F where we also briefly discuss the influ-
ence of the radial selection on the distribution of arrival times.

E. Radial Distributions

Following the discussions of the energy spectra, we can use
the information available in the radial bins of the simulations
to derive features of the lateral distribution. To obtain a lat-
eral distribution, we integrate the energy spectra above a given
minimal energy and divide it by the area of the radial interval

[r1,r2). With the energy spectrum bins dN(Ei)/dE of width
DEi above this minimal energy, we can write this as

r(rcenter) =
1

p(r2
2 � r

2
1)

Â
i

DEi

dN(Ei|r1,r2)
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, (8)

where we have chosen the center of the lateral interval,
rcenter=(r2 + r1)/2, as reference point for plotting. In Fig. 11,
we show the resulting particle densities relative to the muon
density in iron showers as function of the average radius
rcenter of the bins for different primary particles at E =
5.6⇥1016 eV and Xdet = 675g/cm2. We chose the relative
measure r/rµ(Fe) to highlight differences between neutron
and muon lateral distributions that in absolute numbers are
dominated by the steeply falling overall lateral distributions.
For reference, we show the absolute lateral distributions in the
Appendix.

Using neutrons above two different energies, 1 MeV and
1 GeV, we distinguish the two expected regimes of the lat-
eral distributions of neutrons. For high-energy neutrons above
1 GeV, shown as dotted lines in Fig. 11, the slope of the
relative lateral density is negative, indicating that the high-
energy neutrons are concentrated close to the shower axis,
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Air shower results: time delay distribution
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Air shower results: muons vs. neutrons at large distance
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Close to shower maximum: neutrons as abundant as muons Past shower maximum: neutrons much less abundant than muons

10°4 10°3 10°2 10°1 100 101 102

Kinetic energy Ekin (GeV)

100

101

102

103

104

105

106
En

er
gy

sp
ec

tru
m

E
dN

/d
E

R > 400 m, Xdet = 594 g/cm2

E = 5.6£1016 eV
Proton showers

Muons (total)
Muons, 46.4 . . .1000 ns
Neutrons (total)
Neutrons, 1 . . .21.5 µs

10°4 10°3 10°2 10°1 100 101 102

Kinetic energy Ekin (GeV)

100

101

102

103

104

105

106

En
er

gy
sp

ec
tru

m
E

dN
/d

E

R > 400 m, Xdet = 1033 g/cm2

E = 5.6£1016 eV
Proton showers

Muons (total)
Muons, 46.4 . . .1000 ns
Neutrons (total)
Neutrons, 1 . . .21.5 µs



Summary (see 2406.11702 for details)
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Neutrons 
• Interesting sub-luminal particles

• Feature-rich and very wide energy spectrum

• Notoriously difficult to detect 

• Very difficult to simulate accurately (environment)

• Expected to produce late pulses in scintillators

Scaling observations 
• Production ~50% hadronic, ~50% electromagnetic. dissociation

• Hadronic production scales similar to muons

• Electomag. production scales linearly with energy

• Attenuation (neutron removal) length 80 … 200 g/cm2

• Very wide lateral distribution, wider than muons

• Typical delay in arrival time ~ 1 … 20 µs (Ekin > 20 MeV)

• Thermal neutrons up to ~ 100 ms

15

TABLE II. Computed detection probabilities for semi-isotropic neu-
trons impinging on infinite slabs of 1 cm thick plastic scintillator, and
on 1.2 m deep layer of water (see text for details about the setup). The
statistical errors are ⌧ 1% of the computed probability for all prob-
abilities above 0.1%, <10% otherwise.

Detection probability (%)
Neutron Scintillator Water
Energy Threshold Threshold
(MeV) (100 e-keV) (1/300 VEM) (1/100 VEM)
0.0001 2.3⇥10�2 13.7 <10�3

0.001 1.0⇥10�2 13.7 <10�3

0.01 4.2⇥10�3 13.7 <10�3

0.1 1.3⇥10�3 15.0 <10�3

0.5 <10�3 18.5 <10�3

0.7 4.65 20.1 <10�3

1 14.7 16.9 <10�3

2 17.1 25.1 <10�3

3 15.5 28.0 <10�3

5 12.4 29.0 4⇥10�3

10 9.78 41.3 11.1
20 7.67 49.2 19.1
30 6.46 53.2 22.8
50 4.47 58.6 30.3
100 2.87 61.8 37.5
200 2.30 63.9 44.4
500 2.31 75.3 52.3

1000 2.55 83.2 79.7

interactions and disintegration of nuclei of air. Both the
hadronic interaction of shower particles with nuclei and the
photo-disintegration of nuclei caused by the electromagnetic
shower component are important sources of low-energy neu-
trons. The energy loss of neutrons in the atmosphere is mainly
driven by elastic and quasi-elastic interactions with target nu-
clei and leads to a characteristic E

�1 energy spectrum below
kinetic energies of neutrons of about 10 keV. The length scale
of the energy-loss processes, typically described by the so-
called neutron-removal length, is about 100 g/cm2.

These distinct characteristics and the sheer abundance of
neutrons make them secondary particles that are of poten-
tial interest to air-shower experiments. The delay in the ar-
rival times of the bulk of neutrons can serve as a very effec-
tive mean to identify their presence in time-resolved measure-
ments of sufficient duration.

We have also shown that an interplay between the energy in
the hadronic component of air showers and attenuation results
in an approximately linear scaling with primary energy of
the number of potentially detectable neutrons arriving at ob-
servation depths typical of high-energy and ultra-high-energy
cosmic-ray observatories. This means that the number of neu-
trons increases faster with energy than that of muons.

A coincidence of similar production and attenuation ef-
fects also results in an unexpected but striking similarity of
the number of potentially detectable neutrons for different
hadronic shower primaries, as demonstrated for proton and
iron showers. The generally lower abundance of neutrons in

photon-induced air showers may provide additional informa-
tion to differentiate photons from hadronically-induced show-
ers, if neutrons can be identified by their late arrival times.

To verify the predicted characteristics of the neutron cloud
with measurements at a quantitative level, detailed detector
simulations will be necessary to accurately account for the ex-
perimental setup and corresponding effects (e.g. quenching in
scintillators, neutron reflection off of the ground). Therefore,
a general statement on the relevance of the neutron component
in air-shower experiments is beyond the scope of this article.
Still, it can be noted that neutrons should be included in air-
shower simulations to make sure the simulated ground signal
includes also late particles. Detector setups, with which only
integrated charge information is produced, can be particularly
sensitive to the details of late-arriving particles as discussed,
for example, in [43].

A comparison of simulation predictions with existing neu-
tron measurements, made with dedicated detectors taking data
in coincidence with air-shower installations (see [44] for a re-
cent review), is only possible if the detailed treatment of neu-
trons is implemented in the simulation chain. Together with
the challenges of neutron detection, this is probably the main
reason why neutron data are typically not exploited in modern
air-shower experiments.
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Appendix: Kinematics of Elastic Scattering

Let us recall the relations, which link the four-momentum
transfer in a two-body elastic collision, q̃, to the energy trans-
ferred to a stationary target, and to the scattering angle in the
center-of-mass system. In the following mn, Ekin,n, and plab,n
are the mass, momentum, and kinetic energy of the incoming
projectile (neutron, n), respectively, Mt the target mass, Tt its
recoil energy,

p
s, pcms, and qcms the centre-of-mass energy,

First very rough estimate of  
detection probabilities (%)



Note by Michael Hillas on neutrons
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Note provided by Alan Watson 
(Haverah Park array, unpublished)

Volcano Ranch: 
scintillators of 9 cm thickness


