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Motivation
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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 

5216-1 
5216-5 A 

5216-13 * 
5280-6 
1 MHz >**‘**‘P of 1 MHz timing pulses. 

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

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
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D. Schmidt, Pierre Auger Collaboration 
(this conference)

- Late signals seen in scintillators (SSD)

- Late pulses have no coincident signal 

in water-Cherenkov detectors (WCD)

- Similar height distribution of late pulses?

Vulcano Ranch (1962-63)

AugerPrime (2020-21)

10 µs



Neutrons in the cascade Monte Carlo code FLUKA
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❑ 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?
➢ The neutron has no charge and ~ ∞ lifetime ➔ can (only) 

undergo nuclear interactions even at very low energies, e.g. 
meV

➢ Neutron 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

12C(n,d0)11B

12C(n,α)9Be
12C(n,p0)11B

12C(n,p1)11B
12C(n,p2)11B

➢Protons 
➢Deuterons 
➢Alphas 
➢Other ions 
➢Electrons

Example: deposited energy on a 500 μm thick 
diamond detector, for 18.91 MeV neutrons

(A. Ferrari, P.R. Sala, A. Fasso, J. Ranft, FLUKA: 
A multi-particle transport code, CERN-2005-010)www.fluka.org

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



Expectations for muons
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Expectations for neutrons
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Neutron attenuation length?



Air shower results: primary particle dependence
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Muons: expected difference between primaries reproduced Neutrons: high-energy part surprisingly similar for hadron primaries, 
                  low-energy part dominated by attenuation



Air shower results: depth evolution (attenuation)
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              low-energy part dominated by muon decay

Neutrons: significant depth-dependent attenuation

              

Xatt,n ⇠ 200 . . .80g/cm2



Air shower results: energy dependence

9

10°2 10°1 100 101 102 103

Kinetic energy Ekin (GeV)

100

101

102

103

104

105

106

En
er

gy
sp

ec
tru

m
E

dN
/d

E

Muons at Xdet = 1033 g/cm2

Proton (solid) and photon (dashed) showers

E = 5.6£1016 eV, (£1)
E = 5.6£1015 eV, (£10)
E = 5.6£1014 eV, (£100)

10°12 10°9 10°6 10°3 100 103

Kinetic energy Ekin (GeV)

100

101

102

103

104

105

106

En
er

gy
sp

ec
tru

m
E

dN
/d

E

Proton sh.

Photon showers (£0.1)

Neutrons at Xdet = 1033 g/cm2

E = 5.6£1016 eV, (£1)
E = 5.6£1015 eV, (£10)
E = 5.6£1014 eV, (£100)

Muons: expected energy scaling for high-energy part

Nµ ⇠ EgNµ ⇠ (Ehad)
0.9
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                  for hadron primaries but not for photons



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
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Summary
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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 
• Energy scaling of production similar to muons

• Primary dependence of production like muons

• 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

Iron

Proton

Depth

Neutrons
(shower energy fixed)

1016 eV

Depth

Neutrons

(same primary particle)

1015 eV

Reduced composition sensitivity?

Scaling faster than ~ E 0.9

Observation level

Observation level



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



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


