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The response simulation of an ideal KOPIO-type electromagnetic sampling calorimeter was carried out in the energy range of
50 MeV — 16 GeV using Geant4-10.6.0 toolkit. In this work, we obtained energy resolution parameters for prototypes of Shashlyk
calorimeter modules (ECAL SPD) of the NICA collider SPD setup for different thicknesses of a lead absorber with different numbers
of layers. The NICA scientific experiment provides a unique opportunity to study parton distributions and correlations in hadron
structure when working with high-intensity polarized relativistic ion beams. The ECAL electromagnetic calorimeter is one of the key
detectors of the SPD device. There are some preliminary requirements for an electromagnetic calorimeter, in particular, for energy
resolution in the energy range from 50 MeV to 16 GeV. It has been shown in detail that a more accurate obtaining of stochastic as
well as permanent coefficients acting as parameters of the energy resolution parameterization formula is possible when longitudinal
energy leakages from the calorimeter tower are taken into account. Such leakages are always present even in small amounts. Thus,

the energy resolution parameterization of an ideal sampling calorimeter with a good y*/ndf value is fitted with function of the

type: % = LE ®hd ( py-In'E+p, - E+p, - In°E ) , where the logarithm InE means ln% , where E, is the effective

N

critical energy. Based on the results of detailed modeling, the dependence of these parameters on the number of calorimeter plates
and absorber thicknesses was found. The approach is based on careful selection and analysis of the energy spectra obtained by
modeling according to the y -square criterion and an adequate choice of the approximation functions of the energy resolution. The

methods proposed in this paper can be easily extended to other combinations of absorber-scintillator thicknesses.
KEY WORDS: sampling calorimeter, Shashlyk detector, electromagnetic calorimeter, Geant4 simulation

The NICA SPD experiment [1] provides a unique opportunity to study parton distributions and correlations in the
structure of hadrons when working in beams of high-intensity polarized relativistic ions.

One of the key detectors of the SPD project is the 4-x electromagnetic calorimeter (ECAL), which consists of the
central barrel part and two end-cap. The total weight of the electromagnetic calorimeter is about 120 tons. is that The
energy resolution in the 50 MeV-16 GeV energy range should be at the level 5%/ E(GeV) . It is the main

preliminary requirement for the ECAL SPD. As known [2], the electromagnetic calorimeter energy resolution depends
on several factors [2], which can be varied and evaluated by the Monte Carlo method with the aim of further
optimization:
e sampling fluctuation;
e longitudinal and lateral energy leakage due to limited module size;
o the effect of heterogeneity of the calorimeter module medium due the design features: holes for fibers, steel
studs for coupler module, fibers etc;
e fiber attenuation length;
e inhomogeneous light collection in scintillator layer;
e inaccuracies in the dimensions of calorimeter parts due the manufacturing technological features in mass
production;
e photo statistics;
e electronic noise.

The total energy resolution of the ideal electromagnetic calorimeter is usually parameterized by the (in quadrature)
sum of the stochastic terma , due to fluctuations of the Poisson type, and constant term b , associated with systematic
effects:

Ok

Ze _ 4 gp 1
E B (1

The parameter a =./a; +a; has statistical nature and represents a combination fluctuation sampling effects (a,)

and photo statistics fluctuations (a, ). In this paper we considered for the ideal calorimeter when fluctuationsa, =0.
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The parameter b is associated with heterogeneous effects in medium of ECAL module which begins to dominate at
high energies. Therefore, at high energies, the energy resolution is determined only by the magnitude of the constant
term. The term b must be zero if we take into account only sampling of fluctuations. This is clearly insufficient and
uninformative to study the features of even an ideal electromagnetic calorimeter.

The purpose of this work is the correct determination the parameter » for all energy range for Shashlyk ideal

calorimeter. The good agreement on the y~ criterion will be after added (in quadrature) the energy leakage terms. In

this case, the correct definition of the constant term is obtained for the prototypes of ECAL SPD modules. The
dependence of the a, bterms from various combinations of absorber thicknesses Pb and number of plates L was
obtained from the Monte-Carlo calorimeter simulation.

ECAL KOPIO MODULE CHARACTERISTICS
Proposed for as a prototype ECAL SPD [1] Shashlyk calorimeter based on the experience of various developments
of the installation KOPIO [3] calorimeter module. This calorimeter is a lead-scintillator-type sandwich structure with a
wavelength shifter (WLS) fiber. At first module KOPIO was designed and manufactured in Institute for Nuclear
Research (Moscow) in 1991 for KOPIO (E865, BNL) [3, 4] experiment.

The module had experimental energy resolution 8%/ JE(GeV) . The calorimeter worked for a long time in the

experiment and showed good stability of the parameters. Good physical characteristics with low cost and
understandable design made it attractive for many other experiments. In the future, similar calorimeters were used in

PHENIX (RHIC, BNL) [5], HERA-B (DESY) [6] and other installations.
Subsequently for the purposes of the KOPIO experiment resolution improvement was required to 3%/ JVE(GeV) .

This requirement led to the creation and development of new prototypes, testing in particle beams, the detailed Monte
Carlo simulation. The new module prototype [7] in the 3 x 3 assembly tested on positrons and pions beam AGS BNL
accelerator in the range 0.5+2 GeV /c.

Monte Carlo simulations the optimal energy resolutions of the prototype KOPIO module and results of testing in
particle beams are shown in Figure 1 [7, 8].
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Figure 1. Test results KOPIO module prototypes: in particle beams (a) and computer simulation (b) by Geant3

An improved module prototype was developed and studied in detail in [8]. The final calorimeter energy resolution
was obtained in the new design with best optical fibers and scintillator on the photon beam in the range of
50 - 1000 MeV.

o, (2.74£0.05%

E JE

Relatively large constant term (~2%) authors explained of the small radiation length equal to 15.9.X,, when X, —

®(1.96+0.1)% ©)

effective radiation length. Further it was supposed to improve the energy resolution by increasing the length of the
module.

In works on improving the electromagnetic calorimeter parameters, the authors [7, 8], drew attention to the
dependence of the constant term on energy. Using Geant3 computer simulation of the module parameters with 6000
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layers showed the “ideal” resolution of the calorimeter (see Fig. 1.), which depended only the calorimeter sampling
structure. The final module design had next parameters: Dpy=0.275 mm, Ds=1.5 mm, L=300. Thus, it was not possible
to improve the resolution due to the improvement of the calorimeter structure and the choice of fibers and scintillator
with better parameters. In reality, the energy resolution was obtained ~ 5%/ JE(GeV) on the beam.

In our opinion, formula (1), which was used by the developers of the KOPIO calorimeter, is not quite accurate,
because the constant term, as we will show below, depends on energy. Formula (1) gives a good approximation of the
energy resolution for small energy leakage from the module. Therefore, in real designs of calorimeters, the analysis of
experimental data was not very accurate, and the desired resolution was not achieved. We illustrate (Fig.2) the
incorrectness of formula (1) in the following example. Take a very large number of layers L = 3000 . Then, in this case,

formula (1) gives good agreement with the simulation results ( 7° / ndf =1.2). In the practical case of a small number

of layers with L =140 we have: y°/ndf =42.7 and the application of formula (1) is incorrect. For comparison, the
approximation of the same data is given by our refined formula (4).

Dp,=0.4mm, L =140 Dpy=0.4mm, L = 3000
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Figure 2. The approximations of the energy resolution curve for modules with L=140 (large leakage) and L=3000 (minor leakage)

For the purposes of solving physical problems at the SPD, it is desirable that ECAL have a high resolution in a
wider energy range of 0.05 - 10 GeV than at the KOPIO. The addition of terms to formula (1) that describe explicitly
longitudinal energy leakages allows making correct parameter estimates also in a wide energy range. The energy
dependence associated with energy leakage is transferred to these additional terms and the constant term is really
independent of energy. The chi-square test also performs well over a wide range of energies.

SIMULATION OF THE ELECTROMAGNETIC SAMPLING CALORIMETER

Computer simulation of the deposit energy in the Shashlyk calorimeter modules was performed using the Monte
Carlo method using C++ and the Geant4 class library [9] version 10.6 (December 6, 2019) in the Linux Ubuntu
operating system 18.04. The ROOT6 framework [10] was used to process large amounts of modeling data.

For computer simulation of absorbed energy in sandwich-calorimeter modules, the most suitable model of
physical processes is QGSP_BERT [11, 12] for primary electrons with energies in the range from 50 MeV to 20 GeV.

The Monte Carlo counting speed and the accuracy of the results are significantly affected by simulation
parameters that require a certain setting. One of them in the PhysicsList from Geant4 class library is cutting energy E_, .

If the particle energy value is lower than the threshold energy value, then the particle is considered stopped and is not
monitored programmatically for most processes. In the PhysicsList Geant4 class, the threshold value is specified in
units of length, and is converted into values in energy units for each particle and for each material included in the
simulated instrument and described in the DetectorConstruction class.

The dependence of the simulated energy resolution of the Shashlyk calorimeter from E

cut

parameter (length units)
is shown in Fig. 3. The following module design was used: D,, = 0.3 mm, Dy =1.5 mm, L =220 .

Thus, when the parameter £, changing from 10 um to 1000 um calorimeter response varies within 1%. We used
the value E

cut

=100 um in the simulation.

In this work, the so-called ideal calorimeter is studied in detail. That is, only sampling and longitudinal leaks are
taken into account. Transverse leakage were excluded by the appropriate choice of module dimensions
(YZ =300 mm ).The response of the calorimeter during the passage of an electron along the X axis is proportional the

total energy loss in all L layers of the scintillator.
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Figure 3. The calorimeter response depending on the Geant4 cus parameter. The beam energy Eo=1000 MeV.
m-10000 pm, A-1000 pm, @ -100 pm, V-10 pm.

For each energy point (beam energy E, ), the same number of events N =10* was simulated.

OBTAINING PARAMETERS E5 , o, FROM ENERGY SPECTRUM
In the first step calorimeter response was simulated for a fixed incoming beam energy E,(i)[i =1-60] . for The
beam energy points i unevenly distributed throughout the energy range from 50 MeV to 16 GeV. From the energy
spectrum of the response calorimeter module by the ROOT the average energy Es (i) and standard deviation o (i)

values was obtained (index S means that the values refer to the scintillator). This procedure was equally performed for a
different number of layers pairs: L=30, 100, 120, 140, 160, 180, 200, 220, 240, 300, 500, 600, and 3000. A similar

calculation of the calorimeter was made and a new set of pairs of points was obtained Es (i,L) andog(i,L) . These
values used to obtain a detailed dependence on the calorimeter energy resolution o, / E from the beam energy £, (7) .

Usually the calorimeter response in high-energy physics is approximated using the CBF function, first used
Crystal Ball Collaboration [13, 14]. It has the following disadvantages: poor convergence and dependence on the
obtained parameters from statistics. Therefore, the approximation was carried out by the same type function (3)

proposed in [15], but with better convergence in the entire energy range and the independence of the obtained values
from statistics and a smaller number of parameters.

%+kLS~ E-Es E—E_
e’ [ s ], for ——S <kl
Oy
o ,1.[@]2 E-E.
f(E;Eg, 00, kL, kH)=1e " ™/ | for —kLg < <kH; (3)
N
ks _ Hg EiEiS __
e’ [ % ], for  kHg < E-E
Oy

The parameter values in function (3) have a clear meaning. Parameters kL, and kHg show the boundary values at

which the “cross linking” of the Gaussian peak with exponential “tails” occurs. Data sampling Es and o, produced
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in the range y>/NDF [0.8+1.5]. Those energy points for which the value y*/ndf went beyond the specified range, did
not participate in further consideration.
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Figure 4. Examples of approximating the energy response of a calorimeter by function (3)

The approximation is performed on channels with filled bins in the all channel range from 0.0 to 16.0 GeV.
Examples of good approximation results are shown in Fig. 4. In the entire range of energies of primary particles

function (3) gives good convergence for y*. Sometimes the peak parameters are not determined (nan) during automated

processing of a large number of spectra by ROOT. Such energy points do not take part in further analysis, but there are
no more 10 %.

After simulation calorimeter responses the values Es and o, are founded and energy resolution curves of an
ideal calorimeter are built.

DETERMINATION ENERGY RESOLUTION COEFFICIENTS
FOR THE APPROXIMATION FUNCTION
For small number of plates the approximation function of the energy resolution of an ideal calorimeter has poor
convergence according to the criterion y%, especially for modules with few plates. Also the poor convergence may occur
in the following cases: a small number significant energy points E (i), a narrow energy range. Accordingly, the
constant term will also have different values depending on the energy range and the number of energy points E, (i) .

We take into account longitudinal leakage in the energy resolution by adding additional terms to the quadratic sum
of formula (1). The form these terms is proposed for leakage in [16].
The final formula that we will use to approximate the energy resolution of the calorimeter will take the form:

O-—Efzi(-Bb(-B(pl'lnlEerz~ln2E+p2'ln3E) “4)

JE

The designation In £ implies that the quantity In% - dimensionless, when E, — effective critical energy.
Table 1 shows the values y°/ndf for approximated functions of energy resolution according to formula (4) with

longitudinal energy leakage from module. Families of energy resolution dependency curves o-% from beam energy

E, shown in Fig. 57 for different absorber thicknesses D,, . Only the selected energy points according to the
criterion y° were used.

Data analysis (Table) shows that formula (4) works well in a wide range of layers numbers. In those rare cases,
when y*/ndf is relatively large, the situation can be improved by increasing the number of simulated energy points

Es (i) and narrowing the energy range. Very big z°/ndf =17.5 for L =100 means that necessary next logarithmic

terms of a higher order to add in the formula (4). This indicates a very large energy leakage from the calorimeter
module. From a physical point of view, we can assume that the calorimeter at such small radiation lengths ceases to
work as a calorimeter. Most of the energy of an electromagnetic shower goes away in the form of leaks.

From a consideration on Fig. 5 families of curves, it can be seen that approximation (4) also well describes the
energy resolution data for different Dp, and L. It is important to note that in this approach, the constant term b will
really not depend from energy of an ideal calorimeter.
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Table.
Values y°/ndf for approximated energy resolution functions
L D,,=0.3 mm Dp, = 0.4 mm D,, = 0.5 mm
100 17.5 1.37 2.20
120 4.00 2.30 1.61
140 3.18 2.01 1.14
160 2.33 1.54 0.89
180 1.29 0.53 2.07
200 1.71 1.23 1.61
220 1.66 0.85 2.65
240 1.18 1.64 3.37
300 1.69 1.27 1.23
500 2.09 1.94 2.55
600 2.04 2.18 0.98
3000 1.96 1.05 1.32
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Figure 5. Energy resolution of Shashlyk calorimeter depending of the layers number at different absorber thicknesses Dpsy

GETTING DEPENDENCE OF ECAL PARAMETERS FROM THE NUMBER
OF PLATES AND THEIR THICKNESS
From the families of energy resolution curves, we can obtain (Fig. 6) the dependences of the stochastic and
constant terms from the number of plates and different absorber thicknesses. The family of curves of the stochastic term
a was approximated by a linear function. The family of curves of the constant term » was approximated by a power
function.
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Figure 6. The dependences of the stochastic coefficient a (on left) and constant coefficient b (on right)
ideal calorimeter on the number of plates at different absorber thicknesses.
The curves designations: A- Dpy = (0.3 mm; m - Dpy = 0.4 mm; ® - Dpp = 0.5 mm.

With a small number of plates, their deviation from the linear function can be explained by the small number of
energy points in the region 50 MeV — ~1 GeV after selecting pairs of points Es(i,L) and o,(i,L) according to

selection criteria y” /ndf and the inapplicability of the formula with such a small amount of substance.
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Based on the results presented in Fig. 6, let’s consider an improved prototype ECAL KOPIO [8] with module
parameters: D, =0.275mm ,Dg =1.5 mm, L =300. We got the limiting estimates: a =2.5-GeV % , b=0.75% from

the figures for an ideal KOPIO calorimeter. Thus, a resolution of 3% at 1 GeV cannot be reached. Our approach shows
that longitudinal leakage with such a large number of plates do not lead to a decrease the constant term, and the
magnitude b =~ 2% refers to other reasons indicated above (in particular, the dependence on energy).

Similar estimates can be made for the module ECAL SPD [1]: D,, =03mm , D, =1.5mm, L =220. We have:

a=2.5GeV %, b=1.75% and the limit resolution at 1 GeV is value about 4.25%.

CONCLUSIONS
This paper shows that it is possible to obtain an ideal sampling calorimeter with a constant term which
independent of energy by a computer simulation. The physical basis for this fact is the explicit accounting of

calorimeter leakage. It was also shown that poor convergence y”can be associated with an insufficient number of

energy points and/or a narrow region of approximation of the energy resolution.
The basis of the used approach is a rigorous selection of electromagnetic showers obtained by the Monte Carlo

method in a narrow range of y°/ndf values. The approximation function (3) was used for these purposes, which
describes the asymmetric shape of the spectrum peak with account for leakage much better than the CBF function. The
curve of energy resolution depends on energy is built on the basis of a set of selected pairs of points Es and oy . The

correct values of the stochastic and constant terms are obtained from approximation this curve by the new formula (4)
with a good convergence. Families of curves are obtained for stochastic and constant terms for lead absorber
thicknesses D,, = 0.3, 0.4, 0.5 mm. It is possible to make estimates of a, b parameters for almost any sampling and the

number of calorimeter module layers based on the analysis of these curves. ECAL SPD calorimeter parameters are
obtained in comparison with its prototype KOPIO of the Shashlyk type calorimeter.
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MOJIEJTIOBAHHS EHEPTETHYHOI PO3IJILHOI 3IATHOCTI SHASHLYK-KAJIOPUMETPY ITPA PI3HUX
KOMBIHAIIAX KIVIBKOCTI IVIACTHH TA TOBIIHWH ITOI'JINHAYA
O.I1. Taspumyk?, B.€. Kosryn®, T.B. Maauxina®
406’ eonanuil iHcmumym si0epHux 00cioHCceHsb
eyn. JKonuo-Krwopu, 6, 141980, m. [Jybna, Mockoscvka 06a., Pocis
bXapriscoruii nayionanvnuil ynisepcumem imeni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
MopenoBaHHs BIATYKY 1J€albHOr0 €JIeKTPOMArHiTHOro ceMmiutinr-kanopumerpy tumy KOPIO mpoBeneno y niama3oni eHepriit
50 MeB — 16 I'eB i3 Bukopucrannsm 0Oibmiorekn kmaciB Geant4 Bepcii 10.6.0. B poGoTi oTpuMaHi mapaMeTpu €HEpreTHYHOI
po3ninbHOi 37aTHOCTI It mpoToTumiB MoayiiB Shashlyk-kanopumerp (ECAL SPD) ycranoku SPD kxomnaitnepa NICA mns pizHoi
TOBIIMHM CBHHIIEBOTO abcopOepa mpu pi3HUX KibKkocTsix miactuH. Haykouii excriepument NICA Hanmae yHiKambHY MOXKIIHMBICTH
JUISL BUBYEHHS ITAPTOHHUX PO3IOIUIIB 1 KOPEJSIIH B CTPYKTYpi aApOHIB IPH poOOTi 3 MydIKaMH BHCOKOIHTCHCHBHHX MOISIPH30BAHUX
pensTuBicTCHKUX 10HIB. OHUM 3 KIFOYOBHX JeTeKTopiB ycTaHOBKH SPD e enekrpomarnitHuii kanopumerp ECAL. IcHyroTh neBHi
NIONIepeJHI BUMOTH JI0 €JIEKTPOMArHiTHOTO KaJOPHUMETPY, 30KpeMa, 10 €HepreTHYHOI POo3AUILHOT 3AaTHOCT] Y Jiana3oHi eHeprii Bif
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50 MeB no 16T'eB. ¥V poboti neranbHO OOBENCHO, LIO OLNBII TOYHE OTPUMAHHS CTOXAaCTHYHOTO, a OCOOJHMBO, KOHCTAHTHOTO
Koe(illieHTiB y AKOCTI mapamerpiB (GOpMyNIH MapamMeTpu3aiil eHepreTHYHO! PO3JiIbHOI 3AaTHOCTI MOXIIMBO IIPH BpaxyBaHHI
MO3J0BXKHIX BHUTOKIB €HEprii 3 KaJopuMeTpy, sIKi 3aBXIH HPHCYTHI HaBiTh y Maioi KiUIbKOCTi. TakuMm 4vHOM, (opmyna s
aNpoKCUMAllii €HEepreTHYHOi PO3iIBHOI 31aTHOCTI i€abHOTO CEMILTiHT-KAJOPUMETPY 3 TPHAHATHUM 3HAUYeHHAM y° / ndf

Habupae BUTTIAY: % - Laore ( p-I'E+p,-n*E+p, -’ E ) , JIe Tij 3HaKoM jorapudma InE MaeThcs Ha yBasi BENMUMHA

JE

In % ,Je E_ - ebexTHBHA KpUTHYHA €HEPrist 3a pe3ysbTaTaMM JeTaJbHOTO MOJICIIOBAHHS 3Hai[IeHa 3aIeXKHICTD LIMX NapaMeTpiB
c

BiJI YMCla IUIACTHH KaJOpUMeETpy 1 ToBIMHM abcopOepa. Ilinxin 3acHoBaHWMI Ha peTENbHOMY BimOOpi 1 aHANI3i OTPUMAHUX IPU
MOJICTIOBAHHI CIIEKTPIB €Hepril 3TiHO 3 KPHTEpieM y -KBajpaT Ta aJeKBaTHOMY BHOOpI (GYHKHiH anpokcumarii eHepreTHaHOl
po3ninbHOi 3naTHOCTI. MeTop erko Moyke OyTH PO3MIMPEHUH Ha iHIII KOMOiHAI1 TOBIIHMHU abcOpOep-CHUHTHIIATOD.

KJIFOYOBI CJIOBA: cemminr-kanopumetp, Shashlyk-nerextop, enekrpoMarHiTuil kanopumerp, Geant4 MOaeTIOBaHHS

MOJAEJIUPOBAHUE DQHEPTETUYECKOI'O PASPEIHIEHUSA DJIEKTPOMATHUTHOI'O
SHASHLYK-KAJTIOPUMETPA TIPU PA3JIMYHBIX KOMBUHAINUAX KOJTUYECTBA IIJIACTUH
U TOJIIIUH NOT'JIOTUTEJISA
O.I1. Tagpumyk?, B.E. Kosryn®, T.B. Maabixuna®
106veOUHeHHbII UHCIMUMYM SIOePHbIX UCCTEO08AHUL
ya. XKonuo-Kiopu, 6, 141980, 2. /[ybua, Mockosckas o6x., Poccus
bXaporoeckuii nayuonansuwii ynusepcumem umenu B.H. Kapasuna
matioan Ceo600w, 4, 61022, Xapvkos, Ykpauna
MogenupoBaHHe OTKINKA HACATBHOTO IEKTPOMATHUTHOTO COMIUTHHT-KajnopuMmerpa Tuia KOPIO mpoBeneHo B auana3oHe SHEPruit
50 MaB -16 3B ¢ ucnone3oBannem 6ubnnoreku kinaccoB Geant4 sepcuu 10.6.0. B pabote moirydeHs! mapaMeTpbl SHEPTeTHYECKOTO
paspemnienus st nporoturioB Moxyieit Shashlyk-xanopumerpa (ECAL SPD) ycranoBku SPD xommaiinepa NICA [1] s pasHbIx
TOJIIMH CBHHIIOBOTO abcopOepa mpu pasHbIX KonmdecTBax miacTuH. Hayunsnid sxcriepument NICA mpenocraBisieT yHUKaJIbHYIO
BO3MOXKHOCTh JUIS M3YUYSHHUs] IApPTOHHBIX pacHpeleNieHu H KOppeisluid B CTPYKType aIpOHOB IIpH padoTe ¢ Iy4YKaMH
BBICOKOMHTEHCHBHBIX MOJIIPU30BAHHBIX PENISTUBUCTCKUX HOHOB. OJHHMM U3 KIIIOUEBBIX JIETEKTOPOB ycTaHOBKM SPD sBisercs
anexTpomMarHuTHeii kamopumerp ECAL. CymecTByloT ompeseneHHbIE MpeaBapHTeNbHbIE TPeOOBaHMS K 3IEKTPOMArHUTHOMY
KaJIOPUMETPY, B YACTHOCTH, K SJHEPTeTUUECKOMY Pa3pelIeHuI0 B Auanazone suepruii ot 50 MaB o 16 I'3B. B pabote nokasano, 4to
Ooyiee TOYHOE IMONYYCHHE CTOXACTHYECKOTO, a OCOOCHHO, KOHCTAaHTHOTO KO3()(HUIMEHTOB B KadyecTBE MapaMeTpoB (opMyIibl
rapaMeTpH3alii SHEPreTHYECKOro pa3pelieHuss BO3MOXKHO IIPH Y4€Te IPOAOIBHBIX yTeUeK SHEPIHH U3 KaJOpUMETpa, KOTOphIe
BCeT/la IPUCYTCTBYIOT AaXkKe B MaJIbIX KoJIM4YecTBaxX. Takum oOpazoM, GopMyna IIs anIpoKCHUMALUH SHEPreTHIECKOT0 Pa3peIleHUs

nacajibHOIO COMIUIUHT-KaJIOPpUMETPa C IMIPpUEMJIEMbIM 3HaYCHUCM Zz / ndf NpUHUMACT BH:

O, _a

E JE
3(1)(1)6KTI/IBH8.$I KpI/ITI/I‘leCKaﬂ 3Hepr1/151. HO pe3yJ’II>TaTaM JACTAJIBHOI'O MOZ[eHI/IpOBaHI/ISI HaﬁIIEHa 3aBUCUMOCTBh 3THUX napaMeTpOB oT
qucJia IINIaCTUH KaIIOpI/IMETpa U TOJIIIUH a6c0p6epa. HOZ[XOII OCHOBAaH Ha THIAaTCJIBHOM 0T6ope U aHaJIn3¢c HOJ’Iy'{aeMLIX l'[pI/I
MO,Z[CJ'II/IpOBaHI/II/I CHeKTpOB 3HepFI/II/I COorjaCHO KpI/ITepI/IIO ;{—KBaIIpaT U aJICKBAaTHOM BBI60pe (1)yHKIII/II\/‘I aHHpOKCI/IMaHI/II/I

@bL® ( p'n'E+p, W E+p, - In°E ) , TJIe TI0J] 3HAaKOM Jiorapudma In £ mozppasymeBaeTcs BeIHIHHA ln% ,rae E -

SHEPreTHYECKOT0 pa3penieHus. MeTox JIeTKo MOXKeT ObITh PAaCIINpeH Ha IpyrHe KOMOMHAINH TOMIIUH abcopOep-CIMHTHILITOP.
KJIIOYEBBIE CJIOBA: commuar Kanopumetp, Shashlyk-ngerekrop, anekrpomarauTHslil kanopumerp, Geant4 MonennpoBaHue





