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A few trivialities first

If the flux ¢ of (primary) cosmic rays is isotropic, and ignoring for the moment
the attenuation in the atmosphere, the rate for an horizontal detector with a

sensitive A area is: Projectioninto angle

the detector plan

dN J _
—=2m ¢p AcosBsinf db

dt
But since cos 8 sin0 df = —d(cos? 0), one should have:
dN B cant
dt d(cos2 ) ool

Hence attenuation effects should appear as departing from a constant
"intensity" when studying it as function of cos 6.



Atmospheric attenuation

(R+2)?=(R+h)?+ (htan0)?

LA
= _— =
‘ 2R 2R cos? 0
Using % L1:
= 1
z=h ( T 2R cos? 9)

With h < 20 km and R = 6378 km, the
approximation z = h can safely be used
down to 6 < 80°.

Hence

[ © dn X
Xstent = J p(z)dr zJ p(h) —

0 cosf cosf
0

So the attenuation effect is expected to be to first
order a function of sec = 1/ cos 6.




Early MIT work was done at Agassiz, near MIT

First use of scintillators to measure time of arrival and
directions

Bassi, Clark and Rossi: Phys Rev 92 441 1953
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Cosmic-Ray Air Showers at Sea Level*
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Fie. 14. Variation of shower intensity with atmospheric depth.
he straight lines represent exponential variation. Their slopes
ere calculated by the method of maximum likelihood.
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VOLUME 6, NUMBER 1 PHYSICAL REVIEW LETTERS JaNuUary 1, 1961

OBSERVATIONS OF EXTENSIVE AIR SHOWERS NEAR THE MAXIMUM
OF THEIR LONGITUDINAL DEVELOPMENT*

J. Hersil and 1. Escobar
Lahoratorio de Fisica Cosmica, Universidad Mayor de San Andres, La Paz, Bolivia

and

D. Scott, G. Clark, and S. Olbert
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received November 28, 1960)

Array operated at El Alto at 4200 m: forerunner of Chacaltaya project at 5000m
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Intensity

A from slope

8{1 l]l]l]}

In S(1000)
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Whereas, at sea level, S for fixed N can be ex-
pressed as an exponential function of secé (which
is proportional to the slant thickness of the at-
mosphere), at 4200 m we find that S (for N near
30x10°) is approximately stationary with respect
to changes in secé near sectd=1.0. This is the
behavior expected if showers with N=30x10° are
near their maximum longitudinal development.
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FIG. 2. Experimental resulta on the loagitudinal
development of extenaive alr showera. The plot 18 de-
rived from the observed integral size spectra at var-
ious zenith angles and represents the dependence of N
on ¥ at constant 5. The upper and lower sets of points
are for $=10"" em~? gec-" sr-! and § = 10" ¢m-?
sec~ ! ar-!, respeoctively. The atraight line with an
error indicator represents the analogous resuolis de-
H---Tl from sea level data for §-10"" cm=? goe-!
gr- 1,
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3.2. Determination of artenuation length

Assuming exponential attenuation of showers in the atmosphere over the depth corre-
sponding to the extremes of inclination, the values of p(600) observed for showers derived
from primaries ofthe sameenergy but incident at various zenith angles 8, will be related by

1018

(p(600)), exp(T sec ] = constant, {3.2)

where 4 (in g cm ™) is the attenuation length (the atmospheric depth of Haverah Park
being taken to be 1018 gem ™ ?).

To derive 4, cuts at constant intensity, and so corresponding to constant primary
energy, are taken across the eight spectra of the zenith angle bands. Since the experi-
mental exponents of these spectra are not identical, the value of /A derived will depend

upon the intensity at which the cut is made. At1 =10""2m™?s™ ! sr™!, the value is

760+40 g em ™ 2. In order to determine 4 also from acut at [ = 107 m~2s 1 sr!
the spectral slopes were redetermined in the range 2x 1072 > I > 5x 107 "¥ m~?
s~ !sr~! toensure that the spectra were in correct fit to the experimental data over this
particular range. The redetermined values of k and I' differed only slightly from those
initially determined (table 4), and do not support the existence of any systematic changes.

The value of A foracutat 107'"*m™%s 'sr™!is 780+ 35gem 2,

L e e e | - . e 10 1
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Haverah Park
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Fig. 5. Attenuation of p(600) with zenith from the constant
intensity cut method, as obtained previously [20], and in the

present work.

sec

IR I T T W N T T T | I T T T
1 1.1 1.2 1.3 14 15 1.6 1

C ]
J 1.8 1.9

0.9 =
|::}- ® FProton
0.8 ‘* b O Iron
0.7 ,é}
a . T
j .-!: :i'
7 I ; e
,.E_ 0.2 : rh ¥
3 L
5 0.4 T
0.3t E,=0.4 EeV
0.2 S

sec(®)

Fig. 6. Attenuation of p(600) with zenith angle for different
primaries and energies from Monte Carlo calculations. The
errors bars correspond to the spread of the value of p(600), to
illustrate the shower fluctuations.
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Auger Collaboration has adopted the same approach
except that reference angle is not vertical but 38
degrees.

This is about the median zenith angle of the events
on the 1500 m array.

S, = S(1000 at 38°)
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Zenith angle distribution for events with energy > 108 v
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Figure 3: Zenith angle distribution for ewents in the fiducial region. The energies are
> 10'% oV and zenith angles < 60 deg. The solid curw: is the expected distribution.
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Figure 4: Relative lux vs VEM, g for bins of sec(f) of width (.2 centered at 1.1,
1.3, 1.5, 1.7, and 1.9. The dashed line is a guess for sec(f) = 1.{0. The enargy lines
were chosen assuming a vertical shower at 10* &V corresponds to VEMige = 70.
The lines for lower energy are salected assuming that the enagy is proportional to
(VEM 001 5.
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A way to derive the attenuation length from the constant intensity cut method

I am setting down what I think is a reliable way to get A from the constant intensity cut method (CIC).

L. It is essential to use integral spectra to make the cut. This is because the working hypothesis is that the
showers that a re recorded at the same rate ABOVE some size/ground parameter value are produced by
primary particles of the same energy.

2. The integral spectrum should be derived from the differential spectrum (with uncertainties in slope and
the constant) using the maximum likelihood technique. Then with an integral spectrum one can find the
value of S(1000) for each zenith angle band for some chosen intensities.

3. It is not correct to use the differential spectrum. The point is that dS(1000) in the denominator of
differential intensity (N/dS( 1000)) does not have the same meaning at different angles. This may be why
the derived A values are so strange.

I think that vou now have the tools: let’s see what this method gives us.

aaw/230405
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The CIC method applied to AHEAD

e With AHEAD, we are far enough from shower maximum and at "low"
enough energy to consider that N, the shower size at the shower foot as
measured from the LDF fit, is a reasonable estimator of the shower
energy.

e The LDF is the lateral distribution of the particle density in each station,
where the distance to the shower axis is used (projected in the shower
plane).

 The LDF is fitted with a NKG type function (Nishimura, Kamata, Greisen):

N.C - s—2 - S—4.5
e N
Tm \Im 'm

where s = 1.2 is set to this fixed value, 1;,, = 80m and the constant
C, = 0.366 X s2 x (2.07 — s)1?> = 0.443.

The value of N, is extracted from the fit.

 The next step is to correct for the attenuation using the CIC method...



The CIC method applied to AHEAD

e The next step is to correct for the attenuation using the CIC method:

Plot the number of events with shower sizes < N, as a function of N, for events
in bins of sec 8 of width 0.2 centered at 1.1, 1.3, 1 5, 1 7 and 1 9

The CIC methods assume that UG LR ML TEELS Ao
for a given true energy, the i
intensity (the number of events) 10t L
is independent of the arrival :
direction i.e. a given energy

L
M

Relalive Mux

corresponds to a horizontal ;‘ .

line across the plot. i

Using that plot, it is then possible to il N
extrapolate from the measured N, T N
to a standardize rescaled value T AR N A S

1oglVEM, e

correspondlng to a vertlcal shower
N2 or to a 38° shower N38 (38° is used because it is corresponds to a median

value)
The correction formula that | propose to use is

Xvert
Neoo _ Ne(e) e Aate = (sec0-1)

This corresponds to an exponential attenuation in the atmosphere.
— The last step relies on models and Monte-Carlo simulation to convert this

median value to an energy in eV. We will use, for example:
EleV] = 2.183 x 1010 x (N2*)"”



CIC curves from AHEAD

278500 events since July 2017
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CIC curves from AHEAD

278500 events since July 2017

Intensity i.e. event rate CIC 1.0<secl1.2
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