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Le Van Ngoc, Vo Van Thuan and Dang Quang Thieu
Institute of Nuclear Science and Technique

Abstract. The simulation of response of the Auger water Cerenkov ground detector
to atmospheric shower muons s practically needed for the experimental research
of cosmic rays at extreme energies. We consider here a simulation model for the
process of emission and diffusion of Cerenkov photons concerned with muons moving
through the detector volume with the velocity greater than the phase velocity of light
i the water on purpose to define photons producing signal in the detector.

I. Introduction

In 1962 one observed cosmic rays with energy approximate to 102 eV. In 30 subsc
quent years 8 extensive atmospheric showers with energy exceeding 10%% eV were observed.
How is it possible to explain the existence of these extraordinarily energetic cosmic rays.
This is a scientific mistery which there have not been reliable schemes for explaining. If
understood the source and nature of extremely high-energy cosmic rays are. we will lead
to new discoveries or in the fundamental physics or in the astrophysics.

In recent years the interest in cosmiie rays at extreme energies has increased rapidly.
The experimental study of such cosmic rays will be carried out within the framework
of the international Pierre Auger project with Auger observatories of a hybrid design
imcluding fluorescence detectors used to observe the longitudinal development of showers
in the atmosphere and water Cerenkov ground detector arrays to sample the lateral density
distribution on the ground level [1, 2].

The simulation of response of the water Cerenkov ground detector to atmospheric
shower muons is practically needed for the experimental research of extremely high energy
cosmic rays. In this paper we develop a simulation model for the process of enission and
diffusion of Cerenkov photons concerned with munons passing through the detector volume
with the velocity greater than the phase velocity of light in the water on purpose to define
photons producing signal in the detector.

II. Simulation model for generation and ray-trace of Cerenkov photons in the
auger water ground detector

The Auger water Cerenkov ground detector considered in our model is a 10 m? «
1.2m deep cylindrical volume of water, lined with a diffusely reflective white material, and
viewed vertically from above by 3 photomultiplier tubes (pmts) =~ 200mm in diameter.
The detector geometry is illustrated on the figure 1.
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For shimulation. the pmts are approximated as circular arcas in the plane of the
detector top surface with area equal to the effective area of 200mm pimts (530cm?).
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Figure 1. Hlustration of the Auger water ground detector geometry.

When an atmospheric shower muon strikes the top surface of the detector and
moves through its volimme with the velocity greater than the phase velocity of light in the
water the Cerenkov photons are emitted. These Cerenkov photons are the optical photons.
Passing through the water they undergo three kinds of interaction: Rayleigh scattering,.
absorption and water boundary interaction (absorption and reflection). However. as the
water contained in the detector volume is purified. it may be considered as an optically
homogenous medinm and therefore the Rayleigh scattering is negligible.

The motion of the atmospheric shower muon through the detector volume ac-
companicd by the processes: the energy loss for ionization and atomic excitation, the
bremsstrahlung. the direct pair ¢ " e production. The Monte-Carlo algorithms for simu-
lation of the bremsstrahlung and direct pair ¢ ¥ ¢~ production processes have been analyzed
in detail by us in [3]. However. at energies smaller than 2 TeV (the energies which most
of atmospheric shower muons have on the ground level) the ionization and excitation of
atoms are the main mechanism and both the bremsstrahlung and direct pair e"e¢~ pro-
duction processes may be neglected. The simulation of the generation and diffusion of
Cerenkov photons concerned with the muon moving in the detector volume can be carried
out then based on the simulation algorithms developed by us as follows:

. Calculating the characteristies of the cousidered muon: coordinates of its position

(Xou- Yo,. Zo, ). the moving direction (¢,,8,). energy (E,).

2. Calculating the threshold energy for Cerenkov radiation emission according to the

coherent condition: n3 > 1

. ()
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where Ey - the muon energy at rest, n- the refractive index of the water, 3 = v/ec.
3. Checking whether the muon’s energy E,, is greater than the thresold energy for
Cerenkov radiation emission FEyj,. or not. If E,, < Ey,,.. the calculation with the
considered muon is ceased and then the operations are passed to performing with
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a new muon (when a number of given muons. N, remains in the memory of the
computer) by returning to 1. Otherwise. go to 4.

4. Advancing the muon a rather small step . Al. along its moving direction.

5. Verifying whether the final point of Al is inside the detector volume or not by
calculating its coordinates:

X, = Xou + Alsinb, cos¢,,,
Y, = Yo, + Alsinf, sin¢,, (
Z, = Xop + QAlcosg,.

o
—_—

If the final point of Al is outside the detector volume, the calculation is finished
with the given muon. Otherwise, go to 6.
6. Calculating Cerenkov radiation energy on Al
dE.

o % Al 3
AE —T (3)

here.
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and Mgy = Max 18 the frequency band within which the detector is sensitive.
7. Calculating the number of Cerenkov photons emitted on Al. The average number
of Cerenkov photons produced on Al is defined by:

dN.,
N, = s x Al, (4)

here,
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Thus the number of Cerenkov photons given off on Al is calculated according to
the Poisson distribution A
i ©)
by the simulating formula n = k& | here k is the least whole number taken so as to
satisfy the inequality:

Pn) =€~

k+1

Z~———lnl~a,)>l,

1=1

with the random numbers «, uniformly distributed on ( 0,1).
Each Cerenkov photon generated on Al is simulated then, in turn, as follows:
a. Calculating the emission angle of photons produced on Al
1
COSw = —- (6)

nf
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b. Calculating the azimuthal emission angle of a photon emitted on Al. It is chosen
at random from the uniform distribution on (0. 27) according to the formula ¢ = 2ma. o
- 2t random number uniformly distributed on (0.1).

¢. Calculating the flight direction of a Cerenkov photon in the Cartesiean perpen-

dienlar hxed coordinate system

L
| - f1=cos?w)?
U, = u, cosw — (v, sin @ + w,w, cos ) T1-w?
wy,
| W f1=cos?w)?
Ve = 1y COSw + (U SINO — v, w), €08 @) 1 -w? W
w2
. ok
3
4 1 —cos*w)?
we = wy cosw + (1 —wy)cosp | ————| -
{ Br— “";1

Here. u,. .. w,. are the components of the unit vector directing the photon’s flight. They
are defined as follows:

i, = sinb,. coso,., v, = sinfl,.sin ¢,., w, = cosf,.. (8)
Also for the muon:

u, = sinf, cos @, v, = sinf,, cos ¢,,, w, = cosd,. (8)
d. Calculating the energy of an emitted photon. As the energy of generated photons
has the distribution density function

1
E)=1- —,
it may be simulated according to the formula E. = E. ;i + a(E max — Eomin). here a is
a random munber uniformly distributed on (0,1).
e. Calculating the absorption free pathlength of a Cerenkov photon.
Each generated Cerenkov photon may travel a free pathlength before it is absorbed.
As this free pathlength has the probability distribution density function
— bl

1 t
P(l,) = e (10)

it may be selected at random by solving the equation

i
/ 2 a6, (11)
JO lA

orl, = —l4In(1 — a). Here, 14 is the mean absorption free pathlength dependent on the

energy of the photon, a is a random number uniformly distributed on (0,1).
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After the random selection of the considered photon’s absorption free pathlength it
is needed to verify whether its final point is inside the detector volume or not by calculating
the coordinates of this final point:

X =X, +lasin8. cos ¢,
=Y, + l,sinf, sino,, (12)

Z =2, +1l,cos ¢,

If the final point of the absorption free pathlength is inside the detector volume,
the photon is absorbed in the water. Otherwise, the photon hits a detector surface. we
have to consider then, in turn, the following situations possible to occur :

+ I Z < 0and X2 +Y? < R? the photon strikes the detector top surface.

+If Z <0 and X% +Y? > R? then giving Z. = 0 and calculating

X.= Xy + l.sinb, cos ¢, Y. = Yo+ l.sinf,.sin ¢..

Here, X, Y., Z, are the coordinates of the intersecting point of the ray traced along the
photon’s direction with the plane including the detector top surface. [ is the distance
from the initial possition of the photon to this intersecting point.

We need to verify the condition X? + Y2 < R%. If this condition is realized. the
photon hits the detector top surface. Otherwise, the photon strikes the detector sideward
surface.

+1f Z > H and X? +Y? < R? the photon hits the detector bottom surface.

+1If Z > H and X? + Y? > R? then the treatment is made in such a similar way
as for the case Z < (0 and X2 +Y? > R2.

+ If0 < Z < Hand X? +Y? > R? the photon strikes the detector sideward
surface.

Now we shall consider the separate concrete cases where the photon hits a detector
surface.

The first case is associated with the fact that the photon strikes the top detector
surface. Then. we must define the coordinates of the hitting point (X, Y, . Z.) and verify
the following conditions:

(‘X(: o lX’]nnll )2 “+ (}"( - y}nntl )2 < R2

prt?
(X(- - Xpmtg)z + (},(; "= Y})mf-_))z < R;z,mtw (13)
(X«: = .X])'Y-”!:‘).z us (Y(‘ E )/pml;,)g < R?)mfw

’ -

pinty s X pmtas Ypmtys Xpmey Ypme, are the coordinates of the center of pmts,
respectively. and R, is their radius.

where X n¢,, Y

If one of three abovementioned conditions is realized, the photon hits a pmt and
is absorbed here. Otherwise, it is necessary to verify the condition P, > «, here P, is
the probability that the photon is absorbed in the detector wall, « is a random number
uniformly distributed on (0.1). When this condition is satisfied, the photon is absorbed
in the detector top surface’'s wall and the operations are passed to performing with a new
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phioton by returning b, or going to 8 if there is not any photon in the memory of the
computer.

For the case where the photon is not absorbed. it will be reflected back into the
detector vohune., The photon’s direction after the reflection may be defined by the perfect
reflection condition: cosfl,.,, y = — cos#, . sin (),.,,j = .‘_iillﬂ,i.o,.,.,! N

The second case corvesponds to the fact that the photon hits the deteetor hottom
surtace. This case is treated in such a similar way as the first case.

The third case is related to the fact that the photon strikes the detector sideward
sirface. The photon's fate is treated here as well as in the Arst and second cases. However,
the coordinates of the hitting point in this case are caleulated by solving the svstem of
t'(|llzl!inll\'.

X, =Xy + l.sin8, cos ¢,

Y, =Yy + l.sin0, sin ¢... (14)
2. =2y + l.cosé.

X?+Y!:=R%

The solution of the above mentioned system of equations gives

ol i = \/‘-.2 + 1\)2 == ‘X'(:)e = YUQ .

.= :
sinf,.

where ¢ = Xjpcoso, + Yysinag,.

As far as the photon’s direction is concerned upon being reflected back into the
detector volume at the hitting point, it may be calculated according to the perfect reflection
condition:

Orps = 0,

| 9 -9 . (1 (e
COS Qpp f = e [(,-\"“ -~ Y )coso. +2X.Y,. sin (_D,A] . (16)

Ly

TR (X2 - Y)sing, — 2X.Y, cos &,

Fa

[

SIN Gy f

Thus. passing through the detector volume of water the Cerenkov photon may hit
the detector walls many a time and be reflected from them. The process of reflection
procecds until the photon will be absorbed or in the water or in the detector walls. The
sinmlation is passed then to performing with subsequent photons.

After all the photons emitted on a step Al are simulated. the operations are passed

to N
N, Caleulating the energy losses for ionization by the muon on Al
dE -
AE,,,,,:"—‘J"XAI. (l“)
dl
Here.
dE, L

—t = /)ZQ'F(B.\I +0.69 4 21n 3y — 213* - d).
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2
Ml Winas i
B‘\/ :lll(%). (lb)
i 26%y*m,.c? ,
” Hiax == Yvn m2? (]9)
e i ¢
O =2
thad= (20)
m,,
0 if ¥ <wo
= 20 10 + ¢ + a(yy — _(/)" if vo<y<wy where. y = lg 37,
2yIn 10 + ¢ if >y (21)

For the water we have [4]
I =174.1¢V, L = 0.0853MeVem2/g. —-c = 3.47,
a=0519, b=269, yl=2  y_ 0- =023

9. Calculating the remaining energy of the muon at the end of Al

41/

% = Ey — AE. - AEjy,
and then return to 3.

If should be noted that the caleulation of Cerenkov photons has a cyclic chavacter
and leads to frequently repeating some basic blocks. After a photon is calculated. the
operations are repeated for the other photons produced on the considered muon step,
and then for photons generated at the subsequent muon steps until the final point of a
muon step will be outside the detector volume or the muon's energy at the end of its
step will fall below the threshold energy for Cerenkov radiation emission. This process
of caleulation can be repeated many a time with a number of muons for reducing the
statistical Huctnations of the calculated quantities. Schematically, it is illustrated on the

0

figure 2.
111. Conclusion

[n this paper a simulation model for the process of emission and diffusion of Cerenkov
photons concerned with muons moving through the volume of the Auger water ground de-
tector with the velocity greater than the phase velocity of light in the water is developed.
In the considered model the motion of each muon is tracked, the number of Cerenkov pho-
tons generated on a muon step at an angle with the muon’s moving direction is selected
at random from the Poisson ditribution. Each photon is ray-traced as it passing through
the water. and reflected from the detector walls. When photons strike the photomutiplier
tubes. their arrival times are recorded. The developed model is applicable to caleulating
photons producing signal in the detector and their characteristics of diffusion. Based on
this model we have designed the computer software to carry out theoretical simulations.
The results of numerical calculations will be analized in comparision with the experimental
data collected on the water Cerenkov detector installation of the Auger training laboratory
at INST and publised in a separated paper.
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Figure 2. Hlustration of the simulation process of Cerenkov radiation in the Auger water

ground detector concerned with the motion of muons.
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MO PHONG BUC XA CERENKOV TRONG DETECTOR AUGER NUOC MAT DAT
Lé Van Ngoc, Vo Van Thuan, Pang Quang Thiéu
Vién Khoa hoc va Ky thuat Hat nhan

Mo phong dac trung cua detector Auger nude Cerenkov mat dat doi voi cac muon
mua rao kKhi quyén trén thue t€ la can thiét cho nghién citu thue nghiém cic tia vi tru
¢6 nang lugng cuc I6n. Ching t61 nghién ciru ¢ dady mot mo hinh mé phong qud trinh
phit xa v khuyéch tdn cha cdc photon Cerenkov gin véi muon chuyén dong qua thé
tich detector vai t6¢ do 16n hn t6¢ do pha cta anh sang trong nude nham xac dinh cac
photon tao tin hiéu trong detector.



