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Abstract: The EAS induced by ultra high energy cosmic rays excite the atmosplca emits fluo-
rescence light. Images of showers in this light can be registered frga thstances, as narrow tracks,
the intensity at a given level being proportional to the shower energgsitep there. However, there
is also Cherenkov light accompanying the shower which, when scasaedays, adds to the fluores-
cence light. We show that the width of the shower image is determined notbgrilye lateral spread
of the shower electrons, but by the lateral distribution of the Cherenkhbt; kgattered to the observer.
We analyse how this effect scales with the shower parameters of its deveho in the atmosphere. In
particular, the importance of this effect grows with the distance (in metéthe observed shower level
to the shower maximum.

Introduction Dependence of the lateral distribution
of Cherenkov light (LDCh) on shower

The EAS induced by ultra high energy cosmic rays parameters

excite the atmosphere which emits fluorescence

!ight. Images of sho_wers in this light can be reg- \we are going to calculate LDCh numerically, ¢
istered from large distances as narrow tracks, the jitterent levels of a shower, using the results of ¢

intensity at a given level being proportional to the o 4yjier [2, 3] and recent [4] analyses of various d

shower energy deposited there. However, there is;.1) tions (energy, angle, distance) of electrons
also the Cherenkov light, emitted by shower elec- 4 shower.

trons. When scattered sideways it adds to the fluo-

rescence light. The number of electron®\ N, (0, s, h), produc-

) o ing Ch light (called Cherenkov electrons) at
We show that the width of the shower light im- height & (above some fixed level on earth),

age is determined not only by the lateral spread of gj,qver ages, at an angle, 0 + Af) to the axis
the shower electrons, as claimed in [1], but also by equals
the lateral distribution of the Cherenkov light, scat-

tered to the observer. We analyse how this effect
depends on shower parameters of its development AN,

0,8,h) = Nior f(0;8,h)2msin A0 (1
in the atmosphere. (6,5, 1) totf (85 5, h)2m sin @)

whereN;,; is the total number of electrons at th
level, f(0; s, h) is the angular distribution of Ct
electrons (per unit solid angle, normalised to 1
fraction of Ch electrons at a given level, see [3]).
is important to note that this distribution depen
on shower age (as the electron energy spectru
depends ors only) and on (absolute) heiglitin
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the atmosphere (because the threshold energy forTo see the dependence on the zenith aagieore

Ch emission[;,, depends o only.)

clearly let us consider an inclined shower with t

Here we shall assume that Ch light is emitted along Sa8meN (X) as a vertical one. Itis easy to she
the direction of the electron. This assumption is thatall distanceg are now larger by factor/ cos =

well justified because Ch emission angles-are®

than those for a vertical shower. Thus, the LD!

or smaller, whereas electron angles are typically Should be broader by/ cos z. As the Molire ra-
~ 10°. So, in such a case the actual angular distri- dius at a fixed slant depth grows asl/ cos z, us-

bution of Ch light would actually be broader by a
factor[1 + (1/10)2]*/2) (which is0.5%) than that
calculated here.

Thus, the number of Ch photor§ACH), emitted
along pathdX (in g cm~2) at anglegd, 8 + Af)
equals

d(AChem) = kchANch(ea S, h)dX (2)
wherek,;, = 172%, corresponding to the

Ch emission (for\ = 300 — 400 nm) by one elec-
tron with energyE > Ey,. The total Ch light
arriving in a ring (r, » + Ar) around shower axis
is obtained by integration of the contributions from
all levels above observation:

X
obs Xo;s -X
AChops(r) = ken / T <C’OS9> :

0
“Niot (X)) f(0;8,h)2msin 0AH dX  (3)

whereT (%) is the attenuation factor, de-
pending on the path (ip cm~2) traversed by the
emitted photons at deptlX to the observation
depth X,,;. We have also the obvious relations:
tan = T and A = ¥ Ar, wherey is the

ing r/rys instead ofr eliminates the geometrice
effects. Introducing new variablag = y cos z,
ro = rcos z andx = r/ry; we obtain

AChops(x) = 2mzAx 7*12\4 (0)kep, -

Xobs o
/ T <Xobs X) .
0 cosf
. Yo
.Ntat(X)f(G, S, h) 7(y8 + 'r(2))3/2 dX
where r),(0) is the Moliere radius at the dept
Xops for all vertical shower £ = 0).

Thus, we see that LDCh at a givéf,;; (slant) and
for a given V;,;(X) depends on the zenith ang
only becausef(6; s, h) does. It is so because ¢
inclined shower with the sam®,;(X) is higher
in the atmosphere bj\h = —H - In(cos z) (for a

purely exponential decrease of the air density, w
H being the scale height) with respect to the ve
cal one. As the threshold energy for Ch emiss
increases with height, sf(6; s, h) decreases (as |
is normalised to the fraction of Ch electrons at t
level considered).

If the shapes of shower curveS,;,:(X)/Nmaz
were the same (actually they do not differ mu

®)

. y y ;
distance in meters (along shower axis) between thefrom shower to shower as we measuke from

two levels X, and X. Taking this into account
we have

ACheps(r) = 2nrArkep, -

Xobs X o
/ T < obs X) .
0 cosf

NioaX)1055,1) j’ dX

r2)3/2
This formula would be strictly correct if all elec-

(4)

trons were exactly on the shower axis (no lateral

distribution). However, we do take this effect (al-
though small) into account (see later).
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shower initiation point) the shape of LDCh wou
depend only on the shower agiat the observatior
level and on the absolute heightof the shower
(say, of its maximum) in the atmosphere.

To take into account the lateral distribution (LD) «
electrons we use the fact that it affects LDCh ratl
weakly, particularly at larger distances. Tht
any contribution to LDCh from a given path e

ement at ages has been broadened by fact
1/2

{1 + (<m(s>>)z]

dius of Ch electrons at (when expressed in unit

of rps it depends o only [3]). To calculate it we

have used the results of an analysis from [4], wh

the LD of electrons with a fixed energly have

, Wherercy, is the mean ra-
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been calculated and parametrised, as functions of
s and E. Calculating the means. 7?(E,s) >

(in units proportional to the air density) we can
find < rZ, (s, h) > for Ch electrons by integrating
the former (weighted with electron energy distri-
bution) over energy above Ch threshold, depending
on height.

Having LDCh we calculate next what is the lat-
eral distribution of thescatteredCh light at a given
level and we want to compare it with the fluores-
cence light, in order to see what determines the lat-
eral width of shower light images.

Here we take into account Rayleigh scattering
only which is roughly isotropic as fluorescence.
Thus, comparing both lights emitted &l direc-
tions (as we do) reflects the real situation when
a detector sees light emitted at a particular an-
gle only. Adding highly anisotropic Mie scattered
light would make sense only if we were calculating
shower images for various observation angles.

Results of calculations of LDCh

We have assumed a typical shape (Gaisser-Hillas
i.e. agamma function) of the shower curdé(X),

with Xo = 0, A = 70 and X .0z = 787 g cm ™2,
corresponding to an average proton shower and
Xonas = 698 g cm ™2 for iron shower withEy, =
10'%V. Figure 1,2,3 show LDCh for ages =

0.9, 1.1 and1.3 (corresponding tX ,ps / X oo =
0.86, 1.16 and1.53 respectively). On the vertical
axis there is the number of Cherenkov photons at
the core distance larger than indicated on the hori-
zontal axis, scattered inlan path in all directions,
divided by Nyt (X s ). Also shown is the total flu-
orescence light (FI) produced alomg: of shower
path by electrons at lateral distances larger than
divided by N¢ot (Xops). As shown in [5] the fluo-
rescens curve depends ewnly if »/r; are used
rather thanr. To calculate it we took the fitted for-
mula from [1].

Inspecting the three figures one can see that,
whereas the Fl curve becomes only a little flatter
with s, the absolute values of Ch light increase
rather strongly with age. At = 0.9 the scattered
Ch constitutes onlyl0% of Fl for a proton shower
at z = 45°, almost independently on. But at

s = 1.1 it becomes equal to Fl at = 2r,, dom-
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Figure 1: Total number of fluorescence (FI) a
scattered Cherenkov photons (Ch) emitted fr
core distances larger thafir,,, divided by N;,;
at the observation levek (= 0.9); zenith angles
and primary particles are indicated.

inating at larger distances. At = 1.3 the scat-
tered Ch becomes dominating at practically all d
ances.

In the figures there are Ch curves for proton &
iron primaries and for different zenith angles
The only reason why they differ is different heig
of the showers in the atmosphere.

Application to the fluorescence detec-
tors of EAS

In the experiments measuring large EAS by ¢
serving their fluorescence tracks it is necessan
know what light one is actually collecting. 1t i
well known that the scattered Cherenkov contrit
tion is not negligible, particularly from lower part
of a shower. As it is the FI light that is propo
tional to the shower energy deposit in the atn
sphere (from what one calculates the primary
ergy) the exact knowledge of the width of the (
track has to be known.

Our calculations allow to predict LDCh once
shower curveN (X — X,,...) and the height of
Xnae are given. For example, let us consid
a proton shower withE, = 10%eV at z =
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Figure 2: The same as in Fig.1, but for differant
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Figure 3: The same as in Fig.1, but for different
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45°. From a distance 0?25 km one pixel in the
Auger experiment (full field of view= 1.5°) sees
£328 m perpendicularly to the shower track. /
s = 1.1 (see Figure 2) the Madire radiusr); =
113 m, so the pixel collects all light emitted withil
=29 (if the axis goes through the centre of il
The neighbouring pixels will collect as much Fl
Ch light, so to recover all FI light one has to tal
them into account.

Conclusions

We have shown that the lateral distribution
Cherenkov light below shower maximum is broi
enough to contribute to the shower light image
its scattered component.

The effect depends rather strongly on the sho
ages (increases witls) and its absolute heigltin
the atmosphere (decreases with As the shapes
of shower curvesN (X — X,,42)/Nmaz do not
fluctuate much from shower to shower, it is pre
tically these two parametersandh which deter-
mine the width of the Ch image. As the fluore
cence width depends also on these two parame
only, it will be possible to determine their relativ
contributions ors andh only.
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