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One of the main tasks of the electromagnetic calorimetry of the SPD setup is effective n’-y separation in the en-
ergy range from 50 MeV to 10 GeV. Therefore, the current task is to optimize the design of the module cells in or-
der to improve the physical parameters of the ECaL calorimeter. The Moliére radius is determined in this work by
the Monte Carlo method using Geant4 toolkit for various cell configurations of the calorimeter module. The results
obtained in this work will be taken into account in the further development of the detecting systems of the ECalL

SPD NICA.
PACS: 07.05.Tp, 29.40.Vj, 02.70.Uu

INTRODUCTION

The physical program [1] of the SPD facility for
studying the spin structure of nucleons and other polari-
zation phenomena using colliding beams of longitudi-
nally and transversely polarized protons and deuterons of
the NICA collider has been developed to date.

Electromagnetic calorimeter ECal. SPD has a ~4n
structure. The calorimeter must have an energy resolution
for photons and electrons of order 5%/VE [GeV] in the
range from 50 MeV to 10 GeV. Good energy resolution
is required for identifying and quantifying the energies of
single photons and neutral pions.

The calorimeter module also has high requirements in
terms of spatial resolution. Good two-part spatial separa-
tion will allow the identification of the n’-meson against
the background of a large number of photons in polarized
beam nucleons collisions. This problem is reliably solved
at energies up to 500 MeV due to the large scattering
angle of gamma quanta. However, it is necessary to de-
crease the cell size for efficient identification of n'’-
mesons at high energies. This means that the lateral di-
mension of the calorimeter module cell should be about
one Moli¢re radius for reliable determination of the pho-
ton energy. Long-term stability is essential for polariza-
tion measurements with 7° reconstruction, especially in
an end-cup calorimeter. Calorimeter instability can lead
to incorrect asymmetry values. Cost estimates and techni-
cal feasibility should also be taken into account when
choosing level of detail since more cells lead to higher
manufacturing costs for calorimeter and readout electron-
ics.

The module prototype with a cell
55%55x400 mm is shown in Fig. 1.

Each cell is optically separated and has its own read-
out system.

The calorimeter sampling structure is a set of alternat-
ing lead absorber and plastic scintillator plates.

Considerable attention was paid to various issues of
optimization of the SPD calorimeter module, as well as
possible ways to improve its parameters [2, 3].

The main goal of our work is to determine the
Moliére radius for various configurations of the ECalL
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SPD electromagnetic calorimeter by the Monte Carlo
method.

Fig. 1. Photo of a single module consisting of 4 cells
with 220 layers of scintillator and absorber

1. THEORETICAL APPROARCH

High-energy electrons, positrons, gamma quanta, 7'
mesons form an electromagnetic shower when they hit
the calorimeter. The transverse dimensions of the shower
are characterized by the Moliére radius (Ryy).

The lateral dimensions of the shower are due to sec-
ondary processes of electron-positron pair production,
positron annihilation, and multiple scattering of electrons
and positrons in the calorimeter material.

The lateral width of an electromagnetic cascade is
mainly determined by multiple scattering and can be de-
scribed in units of the Moliére radius Ry [4, 5]:
z21.2MeVXO’ )

Ec
where Ec is the critical energy, X, is the radiation length
of a material.

In a material containing a weight fraction wj of the
element with critical energy Ecjand radiation length Xy,
the Moliére radius Ry, is given by
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where j is the index of a material and Esx21.2 MeV [4].
Calculations of more accurate Ry, values are required
in calorimetry, especially for the problem of n’-mesons
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identifying. Detailed Monte Carlo shower simulations
using a large number of events can obtain these Ry, val-
ues.

The task becomes much more difficult in composite
structures due to the dependence on structure and mate-
rial. There can be also a correlation between the longitu-
dinal and transverse components of the shower as well as
significant fluctuations in the absorbed energy. Long cal-
culation time may be needed to obtain good accuracy.

Parametrization of electromagnetic showers in sam-
pling calorimeters is presented in [6]. This parameteriza-
tion allows us to significantly reduce the computation
time without accuracy loss. Such parametrizations were
widely used to calculate the parameters of calorimeters,
since they took into account the features of sampling
calorimeters, in particular, the transition effect

However, it should be noted that G. Grindhammer,
S. Peters [6] found these approximations using the Monte
Carlo method (Geant3) for the specific conditions of the
H1 setup [7], where liquid argon was used as a scintilla-
tor. The parameters of a shower in a homogeneous me-
dium and the corresponding empirical formulas that de-
scribe it were used as a first approximation. The ap-
proximations were checked later for sampling calorimeter
media (Fe-LAr, Cu-Sc, W-LAr, Pb-LAr, U-Sc) at high
energies of incident particles. Therefore, we were inter-
ested in regions up to 10 GeV and simulation conditions
different from [6].

We used significantly lower cut energies, as well as
refined models of physical processes in the PhysicsLists
class (Geant4 toolkit) [8] for simulation.

2. METHOD FOR THE MOLIERE RADIUS
CALCULATION

A program developed on the basis of the Monte Carlo
method using the Geant4 toolkit will allow us to avoid
oversimplification, by implementing the important cross
section data and a low cut energy, in contrast to theoreti-
cal works (for example, [4]).

The Moliére radius Ry, for a certain substance is de-
termined by the radius of a cylinder of this substance in
which, on average, about 90% of the electromagnetic
shower is absorbed [5]. On average, about 99% of the
shower energy is contained in a cylinder of radius
~3.5Rm.

A computer program was developed using the Geant4
toolkit to calculate the values of the absorbed energy in a
cylinder with variable parameters. The variable parame-
ters are diameter, height and materials of the calorimeter.
We have determined the outer cylindrical volume of the
same material in order to avoid energy leaks, but preserve
the rescattering of particles. The cylinders are made ex-
tensively long to avoid longitudinal energy leakage. The
incoming beam particle is placed in the center of the in-
ner cylinder to avoid energy leaks from the front end of
the cylinder.

The method for determining the radius is as follows.
We vary the radius of the inner cylinder in order to obtain
~90% of the shower energy at the total absorption peak as
aresult of the simulation. We assume that the value of the
ECal calorimeter Moliére radius is the value of the inner
cylinder radius at which about 90% of the energy is ab-
sorbed. The total absorption peak formed by ~90% of the
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deposited energy in the inner cylinder will be asymmetri-
cal due to lateral energy leaks into the outer cylinder.

The developed program contains visualization mod-
ules that are necessary for a visual presentation of the
ongoing processes, as well as modules necessary for
tracking events for the purpose of further statistical proc-
essing.

The peak was approximated by the Das function [9]
using the ROOT package [10], from which the mean en-
ergy Eean and standard deviation o were obtained.

3. MODELING THE MOLIERE RADIUS
IN HOMOGENEOUS MEDIA

The values of the Moliére radii in homogeneous me-
dia were determined in order to test this approach and
verify the developed computer model. The calorimeter
layers are composed of lead and polystyrene; therefore,
these substances are chosen as homogeneous media for
testing the developed program. The calculations were
performed with a statistical accuracy of 1% for incident
electrons or photons in energy range from 100 MeV to
10 GeV.

The RangeCut parameter is set to 10 um. The cut en-
ergy in lead is 58 keV for electrons, 56.7 keV for posi-
trons, and 5.98 keV for gamma quanta. In the case of
polystyrene, the threshold energy is 15.2 keV for elec-
trons, 15keV for positrons, and 0.1 keV for gamma
quanta.

The most suitable model of Geant4 physical processes
for electromagnetic shower simulation is the emstan-
dard_opt3 model in the PhysicsList class. This model
allows the most accurate simulation of processes occur-
ring in the substance of an electromagnetic calorimeter
during the shower progression [11]. Therefore, this model
was chosen to carry out a series of calculations.

Let us consider the features of these calculations us-
ing the example of lead, for which Ry;=16 mm, according
to [5]. We will call it the inner cylinder with radius Ry,
which is placed into the outer cylinder with the radius
R,=3.5'R;.

E..=1GeV, Rcyl= 16.02 mm, Lead
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Fig. 2. Deposited energy in a lead (Ry=16 mm) cylinder
for incident electrons, E=1 GeV

The spectrum of the deposited energy in the inner cyl-
inder for incident electrons with energy of 1 GeV is pre-
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sented in Fig. 2. The peak is approximated by the Das
curve [9], which has a good convergence.

The average value Eea 18 (876.3120.8) MeV for the
incident particle energy E.=1 GeV. The %2 / ndf value is
~ 1. The resulting value corresponds to ~87.6% of the
incident particles energy.

Similar calculations were carried out for polystyrene.

The result for incident electrons with energy
Eo=1 GeV and inner radius R;=Ry=94 mm is E =
(877.5£39) MeV. This result corresponds to ~ 87.7% of
the incident particles energy (Fig. 3).

Therefore, the model developed by us is applicable to
the materials of the ECaL calorimeter.

The next step is checking the model in the case of a
sampling calorimeter.

E.. =1 GeV, F{cyI =94 mm, Polystyrene
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Fig. 3. Deposited energy in a polystyrene (Ry =94 mm)
cylinder for incident electrons, E=1 GeV’

4. MODELING THE MOLIERE RADIUS
FOR SAMPLING CALORIMETERS

4.1. CALCULATION OF THE MOLIERE RADIUS
FOR THE ZEUS CALORIMETER

The ZEUS calorimeter consists of 2.6 mm thick poly-
styrene and 3.3 mm thick uranium layers. The Moliére
radius of the ZEUS calorimeter is ~ 20 mm [12].

E.=1GeV, RW‘= 20 mm, 2.6 mm Polystyrene, 3.3 mm Uranium
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Fig. 4. Deposited energy in the ZEUS calorimeter
(Ry=20 mm) [12] for incident electrons, E=1 GeV
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The calculation of the Moliére radius for the ZEUS
facility was carried out to check the applicability of our
program in the case of a sampling calorimeter. The en-
ergy of incident electrons was 1 GeV. The value of the
deposited energy is shown in Fig. 4.

The mean value of the deposited energy is
(891£21.3) MeV. This result corresponds to the definition
of the Moliére radius since it is ~ 89% of the incident
particles energy.

4.2. CALCULATION OF THE MOLIERE RADIUS
FOR THE KOPIO CALORIMETER

Similar calculations were carried out for the sampling
calorimeter of the KOPIO facility [13].

These calculations can be used to check the adequacy
of our program model because the KOPIO calorimeter
layers consist of materials that were used in the develop-
ment of the NICA SPD electromagnetic calorimeter.

The KOPIO calorimeter consists of alternating layers
of lead and polystyrene. Lead is 0.275 mm thick and
polystyrene is 1.5 mm thick. The Moliére radius of the
KOPIO calorimeter is ~ 60 mm [13].

The deposited energy in the KOPIO calorimeter is
(871£24) MeV for primary electrons with E¢=1 GeV.
This value is obtained as a result of simulation using our
model. The result corresponds to approximately 87% of
energy of incident particles.

The deposited energy spectrum for a cylinder with a
radius equal to one Moliére radius and having a sampling
structure of the KOPIO calorimeter is shown in Fig. 5.

E.=1GeV, RCY‘=60 mm, 0.275 mm Lead, 1.5 mm Polystyrene
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Fig. 5. Deposited energy spectrum for a cylinder
with a radius of 1Ry, of the KOPIO calorimeter
sampling structure

The performed model verification makes it possible to
use this calculation technique to determine the Moliére
radius in the case of the NICA SPD sampling calorimeter.

5. CALCULATION OF THE MOLIERE
RADIUS FOR THE SPD SAMPLING
CALORIMETER

A preliminary estimate of the Moliére radius was car-
ried out according to (2). A radius of 42.3 mm was ob-
tained for 0.5 mm lead in a sandwich structure of the
ECal calorimeter.

ISSN 1562-6016. BAHT. 2021. Ne3(133)



Monte Carlo calculations were performed for various
values of the calorimeter radius in the range from 40 to
60 mm. These calculations of the Moliére radius of the
NICA SPD ECal facility were carried out using the de-
veloped computer program based on Geant4 toolkit. The
geometrical parameters of the ECal calorimeter were
determined in the DetectorConstruction class. All other
modules of the validated program were unchanged. The
number of primary electrons Neyens Was equal to 10*. The
thickness of the lead layer was varied from 0.3 to 0.5 mm
according to the requirements [1].

As a result of modeling it turned out that the value of
the deposited energy in the calorimeter is approximately
87.2% of the primary particles energy at a radius of
46 mm (Fig. 6). The 99% of energy deposited in the calo-
rimeter were within radius of 3.5 radii of Ry=46 mm.
Similar calculations were carried out for positrons and
gamma quanta.

We can assume that the Moliére radius of the ECaLL
electromagnetic sampling calorimeter of the NICA SPD
setup is 46 mm for 0.5 mm lead thick. Our assumptions
are based on the results of the program validation.

E.=1GeV, Rcyl=46 mm, 0.5 mm Pb, 1.5 mm Polystyrene
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Fig. 6. Energy spectrum of the deposited
in the calorimeter energy for primary electrons
with E=1 GeV. Case 1: 0.5 mm lead layer, 1.5 mm
polystyrene layer. Radius = 46 mm

Similar calculations were carried out for 0.3 and
0.4 mm lead thicknesses. The values of the Moliére ra-
dius Ry are given in Table for the ECaL. SPD configura-
tions proposed in [1].

Values of the Moliere radius for different thickness

values of the lead absorber

AXpy,, mm Ry, mm Ry, mm
from (2) (Geant4)
0.5 42.3 46
0.4 46.4 51
0.3 52.0 57

The statistical error of calculations for N=10* primary
particles is 1%. The error in determining the Moliére ra-
dius ARy, is slightly larger than the statistical calculation
error because it depends on the primary particles energy.
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The error in determining the Moliére radius ARy, de-
creases at high incident particle energies (~100 GeV) due
to a decrease in fluctuations of energy leaks from the
calorimeter volume.

CONCLUSIONS

The values of the Moliére radii of Pb/PS various con-
figurations for the SPD NICA electromagnetic sampling
calorimeter were obtained using simulation based on Ge-
ant4 toolkit.

These values were not obtained from the radial distri-
bution of the electromagnetic shower. Instead, we calcu-
lated the Moliére radius from the spatial distribution of
~90% of the primary particles deposited energy. In this
case the results are less dependent on the shape of energy
spatial distribution function. Previously, these functions
were obtained mainly empirically by fitting experimental
data. The reliability of these functions strongly depends
on both the experimental or simulation conditions and the
bias of authors. The error in determining the Moliére ra-
dius has a clear physical meaning when calculating by
our method. It is determined by energy leaks fluctuations
from the calorimeter volume with Ry, radius into the
outer infinite volume. The Ry calculation error decreases
when the shower energy increases because the relative
error of the total absorption peak decreases.
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BBIYMCJEHUE PAJINYCA MOJIBEPA JIJISI PABJIMYHBIX KOH®UT'YPALIANA
SJEKTPOMATHUTHOI'O COMIIVIMHI'-KAJIOPUMETPA ECaL SPD NICA

B.E. Koemyn, T.B. Manvixuna

OfiHa W3 TVIABHBIX 3a71a4 YTEKTPOMATHUTHOM KaJOpUMETPUH yeTaHOBKH SPD — s(dextiBHOe n'-y-pas/encHue B
obnactu 50 MeB...10 I'3B. IlosTomy akryanbpHOW 3afadeil SIBISETCS ONTUMH3ALUS KOHCTPYKIUHU STYEEK MOIYIS C
LENbI0 yiIydiieHus (U3n4eckux mapamerpoB kamopumerpa ECal. Merogom Monte-Kapno (Geant4) ompenescH
panuyc Monbepa ajsl pa3ndHbIX KOH(GHUTYpalui sYeiKn MOIyis KanopuMerpa. [lonydeHHbIe pe3yabTaThl OyayT
yUTEeHBI IPH JajbHeinen pa3paboTke aerekrupyronux cucreM ECal. SPD NICA.

OBUYMCJEHHS PAJIIY CA MOJIbEPA JIJISI PIBHUX KOH®ITYPAIIA EJTEKTPOMATHITHOI'O
CEMIIJIIHI'-KAJIOPUMETPA ECaL SPD NICA

B.€. Koemyn, T.B. Manuxina

OfHa 3 TOTOBHHX 3a/ay eIeKTPOMATHITHOI Kamopumerpii ycTanoBkd SPD — eeKTHBHE 7T'-y-pO3JiNeHHS B
obnacti 50 MeB...10 I'eB. ToMy akTyajpHOIO 33/1a4€l0 € ONTHUMI3allisl KOHCTPYKIIi KOMIPOK MOAYJS 3 METOIO
nokpamieHHs ¢iznyHux napamerpiB kaitopumerpa ECal. Merogom Monre-Kapno (Geant4) Bu3HaueHO paniyc
Mornbepa i pisHUX KOH(Irypamiii KoMipku Moayist kajgopumerpa. OTpumani pe3ynbratu OyayTh BpaxoBaHi ITif
Yac moJasIioi po3podku aerekryrounx cucteM ECal SPD NICA.
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