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experiment
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Experimental tests have been performed in order to study loss of the light output in
length and to improve light collection of photons for long GSO and LYSO crystals.
Research of shower development in crystals with non-optimal geometry and losses of light
energy in light-reflecting wrapping were performed with the use of SLitrani and Geant4
codes. Obtained results allowed developing the structure of a calorimeter producing the
required energy and energy-correlated resolutions in the COMET experiment.
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IIpoBeneHBI 9KCIEPUMEHTANBHLIE HNCCAEAOBAHUA C LEJIbI0 M3YUYEHUSA IIOTEPb CBETOBBIXOAA
Mo JJINHe M yJAydlieHus cBerocbopa (OTOHOB aasd JauHHBIX KpucrajgmsoB GSO m LYSO .
Wsyuenue pasBUTHUS JIUBHS B KPUCTAJNJIaX C HEONTHMAJLHON reoMerpueil U MoOTeph CBETOBO
SHEPIUU B CBETOOTPAKAIOIUX 00ePTKAX BBIMTOJHEHO C HCIoJgb3oBaHueMm mnporpamm SLitrani
u Geant4. Ha ocHOBe MOJyueHHBIX Pe3yJbTATOB IPEJIOMKeHa CTPYKTypa KajJopuMmerpa, Io-
3BOJIAIONIASA MOJYYUTh TpeGyeMble DHEPTeTUUecKoe U KOOPAUHATHOE PaspelleHus B 9KCIepu-
mente COMET.

Hocaimskenna posrux kpucraais GSO i LYSO paa kanopumerpa excnepuMeHTY
COMET. B.Raaunnuxis, E.Beaiuesa.

BukoHaHO eKCIIepUMEeHTAJbHI MOCHiIKeHHS 3 METOK BHBUYEHHS BTPAT CBITJIOBHUXOLY 34
JOBXHHOIO 1 moainmenss csiTaosbopy Qoronis gaa gosrux Kpuctaais GSO i LYSO. Bus-
YeHHS PO3BUTKY B3JHBH Yy KPHUCTAJIaX 3 HEONTHMAJbHOIO TIeomerpiero i Brpar cBiTaoBOi
e”eprii B cBiTiOBiZOOpaKyOUNX OOropTKAaxX BHKOHAHO 3 BUKOpPHCTAHHAM nporpam Slitrani i
Geant4. Ha ocHOBI oTpuMaHMX pPe3yJbTATIB 3aIPOIOHOBAHO CTPYKTYPY KaJIOpHUMeTpa, L0
IO3BOJIAE OTPUMAaTH HeoOXximui ewmeprerTuuHuili i KoopAMHATHHI POSIOAiANM B €KCIEPUMEHTL
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COMET.

1. Introduction

In the study of elementary particles in
physics of high and ultrahigh energies need
not just to know which particles are gener-
ated, but with great accuracy and to meas-
ure their characteristics, such as the trajec-
tory, momentum and energy. All this is
done with the help of detectors. Track de-
tectors measure the trajectory and momen-
tum of particles, without any distortion.
Calorimeters, which completely absorb par-
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ticles, are used to measure its energy (the
total absorption spectrometer).

In experiments, the electromagnetic calo-
rimeters are used to measure the total en-
ergy and particle identification (including
neutral). Advantages of calorimeters are as
follows: 1) measure the energy of particles
in the range from a few MeV up to the
maximum attainable; 2) the relative energy
resolution of the calorimeter increases with
energy as VE, where E is the energy of the
particles; 3) the detection of both charged
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and neutral particles in the segmented calo-
rimeter allows to obtain information about
the coordinates of particles and electromag-
netic shower; 4) help to identify particles,
for example, to separate photons, electrons,
protons, and other; 5) allow you to create a
trigger systems of preselection events (first
level trigger).

High-energy electrons and photons pass-
ing through matter scintillator generate an
electromagnetic shower of electrons, posi-
trons and photons. The number of particles
in the shower will grow rapidly, until the
average energy of particles not decrease to
critical. The required length of the calo-
rimeter depends on the type and maximum
energy of a primary particle and is deter-
mined by the radiation long (X;) of the
scintillator. For example, the length of the
calorimeter, where can absorbed 95 % of
the energy of primary particles is equal to
Lgso, =Lygy +0.08Z + 9.6, where L, . is
the length of the scintillator, where gener-
ated the maximum number of secondary
particles (L, = In(Ey/E.)). The transverse
size of the scintillator depends on the elec-
tromagnetic shower, which is determined by
multiple scattering of electrons and posi-
trons. Therefore, the transverse size of the
crystal throughout the depth of the shower
is determined by the Moliere radius (Rj;).
For example in the cylinder with radius
2R, absorbed 95 % of shower energy.

The energy resolution of the ideal homo-
geneous electromagnetic calorimeter infinite
size proportionally VE and depends only on
the statistical fluctuations of particles num-
ber. In fact, the energy resolution of the elec-
tromagnetic calorimeter depends on the fluec-
tuations of different types with different en-
ergy dependences and is defined as

9 a b

VB @ E ® c,
where a is the statistical fluctuations of
number of photoelectrons in the electromag-
netic shower; b is the noise of electronics, ¢
is the fluctuations in leakage of shower
from volume of the calorimeter, the strue-
tural heterogeneity of a scintillator, hetero-
geneity of signal and temperature and un-
certainty of a calibrations. Typically, these
effects are uncorrelated, so it has should be
added in quadrature.

Thus, the choice of the scintillator is de-
termined by the type and energy of recorded
particles and requirements to parameters of
the calorimeter. For example, the calorime-
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ter for the COMET experiment (the search
process of the electron-muon conversion in
an atom of aluminum [1]) should have an
energy resolution of better than 5 %, as
events that should be recorded in this ex-
periment lie in a narrow energy region
(within 105+£0.5 MeV), and an energy-corre-
lated position coordinate accuracy of about
1 em (rms)). The calorimeter also should
solve the following tasks: 1) to measure of
electrons energy very exactly; 2) to gener-
ate time trigger signal for recording system
events; 8) to do the correlation position of
electron track and its energy; 4) to identify
the electrons, neutrons and low energy gam-
mas [2].

Hence, for the calorimeter two candi-
dates — LYSO and GSO crystals were se-
lected, which have similar optical parame-
ters and satisfy the requirements of the
COMET experiment. Moreover, LYSO and
GSO crystals should have a minimum
length of 12 em, it is follows from their
radiation lengths values (X_ygo=1.14
and X,_ggo = 1.89 em). While the cross
sectional dimensions of the crystals should
be greater than 4 cm for complete absorp-
tion of electromagnetic shower energy, be-
cause the Moliere radius for LYSO and GSO
crystals have values Ry |ygo= 2.08 and
RM—GSO = 2.8 cm.

It should be noted that the price of crys-
tals with such geometrical dimensions
(4 x4 x 12 em3 for LYSO and 5 x 5 x 15 em3
for GSO) is very high and, taking account
the total number of crystals (~2000) the
production of the COMET experiment calo-
rimeter will amount to a very large sum. In
this regard, and in accordance with the re-
quirement of the geometric resolution in the
calorimeter were selected crystals with the
dimensions of 2 x 2 x 12 em3 for LYSO and
2 x 2x 15 em3 for GSO crystals. However,
for crystals with such geometry the require-
ment of the optimal size to reduce the pho-
tons losses along the crystal length
L/H <3 (ratio of length to cross-section
size must be less than or equal to 3) is not
satisfy [3]. Therefore, in this case, will be a
significant the losses of photons along the
crystal length, which occur as a result of
multiple reflection and absorption of pho-
tons at the boundary surface of the crystal,
and due to the energy leakage from crystal.
It makes the parameters of the calorimeter
on the crystals of these types worse.

In this regard, more research is needed
to find methods to compensate for the dete-
rioration of calorimeter parameters with
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Fig. 1. a) A view of a precision measurement setup; light output losses along the crystal length for

GSO (b) and LYSO (c) crystals.

such geometry of crystals, which is a pur-
pose of work. For this aim, the following
tasks were solved:

— an experimental study of crystals op-
tical parameters associated with light out-
put losses along the length and losses of
photons collection in a crystal;

— a study of the electromagnetic shower
in crystals with given geometry and losses
of photons along the crystals length on the
base of SLitrani code;

— a determining the type and parame-
ters of reflective wrappers to achieve a
given geometric resolution of the calorime-
ter and optimal structure of segmented
modules for trigger on base of SLitrani [4]
and Geant4 [5] simulation.

2. Experimental study of the
optical parameter LYSO and GSO
crystals

The crystals for the COMET calorimeter
must have a high-energy resolution, large
light output, fast decay and rise time and
high radiation resistance. The crystals of
LYSO and GSO satisfy these requirements
[6, 7].

The experimental study and measure-
ment of parameters of LYSO and GSO ecrys-
tals were made to study the photons losses
along the length and optical parameters
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that affect the improvement of the light
collection in a scintillator with L/H > 3 ge-
ometry. The losses of the light output along
the crystal length, heterogeneity, energy
resolution were experimentally measured.
In addition, a comparative estimate of the
light output for these crystals was obtained.
The studies were performed by using a pre-
cision measuring setup by the made of
authors (Fig. 1), the results are published
in [8].

Figure 1la shows a view of the setup con-
sisting from: the optical measuring system
that was executed on the fast PMT
HAMAMATSU H1949-50 with divider
H1949-50; the precision mechanical system
for moving the radiation source with accu-
racy 1 um on the basis of the precision step-
motor; the precision measuring system on
the base of the 14 digit 5-GHz digitizer; the
trigger system of selection which was made
on the NIM modules.

Figure 1b,c show the dependences of
light output losses along GSO and LYSO
crystals length measured on energy
1274.5 keV (?2Na). As seen from Figs. for a
given geometry of the crystal, many pho-
tons (~20 %) do not reach the APD. It re-
duces the accuracy of the determination of
the energy deposited in crystal and the en-
ergy resolution deteriorates, as the fluctua-
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tions photons number of the leakage will
be to increase. On the magnitude of losses is
influenced by the heterogeneity of Ce con-
centration along the length and also losses
of photons inside of crystal material. Re-
duction of light output losses along the
length can be achieved by changing the re-
flection coefficient at the boundary surface
of the crystal (the use of reflective films,
which reduces the leakage of photons
shower from crystal volume and losses on
the scattering and absorption of photons at
the boundary surface of a crystal).

In this regard, the experimental study of
the influence of different reflective mate-
rial types on the magnitude of light output
losses, energy resolution and energy depos-
ited in the crystal was made. As the proc-
esses taking place in wrappers of reflective
materials, do not depend on the type of
scintillator, and are determined only by the
optical properties of films, all further stud-
ies are made for GSO crystal. As the reflec-
tive materials were used Teflon (AF 1601, a
layer of 60 um thickness) and aluminized
Mylar, it is Mylar coated aluminum (a layer
of 20 um thickness).

The results of the experimental research
of influence of Teflon and Mylar materials
on the optical parameters of GSO crystal
are shown in Fig. 2. Namely, the depend-
ence of light output losses along the GSO
crystal length for Teflon and Mylar materi-
als is shown in Fig. 2a,b. The coefficient of
light output losses along the crystal length
is equal to ~2.4 %/ecm (Fig.2a) and
~2.2 % /em (Fig. 2b) for material of Teflon
and Mylar, respectively.

From the analysis of results is seen that
the Mylar film increases the collection of
photons along the length, although their re-
flection coefficient has approximately the
same as Teflon (Refl.Coef.rp=0.98,
Refl.Coef.p = 0.94 [9]). It is because the
material of Teflon has a relatively high
transmittance of the generated photons,
and when we use the Teflon film 60 um
thickness part of the electromagnetic
shower get out from crystal [10].

At the same time, from the analysis of
uniformity coefficients of the light output
along the length seen that it is not depend
on the material of the wrapper (by wrapper
both as Teflon and Mylar it is the same and
equal to ~1.4 % /em) and is determined
mainly by properties of the crystal (Figs.
2¢,d). In Fig. 2e,g,f is given the energy
spectra of GSO crystal for different type of
material wrappers, namely: e) for Teflon, g)
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for Mylar and f) for crystal without wrap-
ping. In Fig. 2h is shown the peak position
of the light output for GSO crystal,
wrapped with Mylar, Teflon and crystal
without the wrapping, and energy resolu-
tion for these cases, obtained from analysis
of the spectra of Figs. 2e,f,g.

As follows from the analysis, when the
crystal is wrapped with Mylar, the leakage
of photons from crystal volume is reduced,
and the energy resolution will have the best
value equal to 13 % at the energy
1274.5 keV (?2Na). The energy resolution
under the same conditions for ecrystal
wrapped with Teflon tape and crystal with-
out the wrapper is 14.1 % and 14.3 %, re-
spectively.

Thus, for long crystals with geometry
L/H >3 and H < Ry, is needed to use the
reflective wrapper with good reflectivity. It
will to improve the accuracy of registration of
energy and to improve the energy resolution
for the segmented calorimeter on long crystals.

3. The study of optical
parameters of long crystals using
SLitrani and Geant4 codes

For a more detailed study of light output
losses along the crystal length with non-op-
timal geometry, leakage of photons shower
from crystal volume, scattering and absorp-
tion of photons at the boundary surface
crystal the researches were made by using a
SLitrani code simulation [4].

The following main tasks were solved
using SLitrani simulation:

— the study of the electromagnetic
shower in crystals with non-optimal geome-
try and losses of photons along the crystals
length;

— the study of photons losses in materi-
als of reflective wrappers (Teflon, Mylar,
and other).

The dependence of losses of photons in
the crystal as a function of wavelength,
losses of photons in reflective wrappers
(Table 1), total losses of photons and quan-
tum efficiency were obtained using the
simulation.

The SLitrani simulation of the losses of
photons along the crystal length was made
under the condition when the energy of the
radiation source moves along the crystal
length and distance from its surface was the
same as in similar experimental measure-
ments. Figure 3 shows the simulated (Fig. 3a)
and experimental (Fig. 3b) losses of the
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light output along the GSO crystal length.
In Table 1 is given the comparative results
of the main optical parameters of GSO crys-
tal, obtained by SLitrani simulation and in
experimental measurements.

From the analysis of results (Table 1)
seen that the difference between the simu-
lated and measured values of light output
losses along the crystal length is about
3 %. In addition, the good agreement be-
tween the simulated and measured values
of decay and rise time was obtained. Thus,
the adequacy of the optical model of pa-
rameters and real parameters for crystal
GSO was obtained.

Figures 4a,b,c show the visualization of
the simulation of energy deposition in the
crystal on the position of the radiation
source at a distance of 13.5, 7.5 and 2 em
from the photomultiplier tube. Figure 4d
shows the result of the SLitrani simulation
of photons losses along the GSO crystal
length wrapped with Teflon. From the simu-
lation is follows that a lots of photons are
lost inside material volume of the crystal
(~70 %). The losses in the reflective film
material are ~ 6 % . The losses of reflection
and absorption between the wrapper and the
crystal are ~8 % (Fig. 4d).

Table 1. Comparative results of the meas-
ured and simulated optical parameters for
GSO crystals

Optical parameter Measured | Simulated
value value
Decay time, ns 420+0.5 430
Rise time, ns 17+£0.03 15
Losses of light output | 17.9+1.2 16.4
along length, %

The losses of photons in reflective mate-
rial depend from the material type, so we
simulated the losses of photons for different
materials wrappers using SLitrani code. The
results of the simulation are shown in Table
2.

From Table 2 it follows that the losses of
photons in the material of Teflon less than
for a film of Mpylar, because Teflon has a
relatively high transmittance of the gener-
ated photons as we have noted above.

The leakage of the electromagnetic
shower can lead to optical cross-interference
between crystals, i.e. a higher probability of
incorrect identification of the crystal and
thus to a deterioration of the spatial resolution
of the calorimeter. On the other hand, the
specular reflection leads to reduce the effi-
ciency of light collection in the crystal [11].

This is due to the fact that the transfer
of light energy in the crystal happens by
repeated reflection of photons from the sur-
face in this case. Therefore, the light out-
put of the crystal depends strongly from the
angular distribution of reflected light. In
this regard, it is necessary to consider the
diffusion coefficient of reflector, which de-
termines how many photons are reflected at

Table 2. Photons losses in reflective mate-

rial
Reflective film material Losses of
photons, %
Teflon(AF1601) 7
Aluminum-backed Mylar 9
(diffusion constant 0.5)
Aluminum-backed Mylar 8.85
(diffusion constant 0.1)
Bright-finished steel 8.72
(reflection coefficient 95 %)

Functional materials, 22, 1, 2015
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{ GlobStat J
Nb. of photons generated 146932
Eff. nb. of gen. photons 146932
Nb. of photons seen 4050
Efficiency 0.0275638
error +/-0.000427112
Lost for any reason 142882
Lost in materials 107669
Lost before wrapping 12315
Lost in wrapping 8924
Lost because too late 4 d)
Lost b. quantum efficiency 13950

Fig. 4. Visualization of the SLitrani simulation for GSO crystal.

small angles [3]. It is believed that a diffuse
reflector gives the best efficiency of accu-
mulation of photons compared to a specular
surface [3].

Thus, the choice of the reflective mate-
rial for wrappers plays an important role to
increase the light output of the segmented
calorimeter. In addition, the transverse het-
erogeneity of the collection of photons
which depend from reflective material of
wrappers will be to influence on the energy
resolution of the calorimeter. The study of
these problems has been made using the
Geant4 code [5].

As noted earlier, a diffuse reflector (Tef-
lon) gives the best efficiency of accumula-
tion of photons compared to the specular re-
flector (Mylar, Millipor, Tyvek and others).
Therefore, the simulation of the calorimeter
for the COMET experiment was carried out
using the optical model, obtained by using
SLitrani code, with the Teflon diffuse re-
flector. During the simulation, the calo-
rimeter was located in 1 T uniform mag-
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netic field (as it will in the COMET experi-
ment). The beam energy spread was
105+0.5 MeV. The beam spot was 1 em?2 +
1 cm. Simulation of the calorimeter was
made for the cases when:

— each crystal was wrapped with two
layers of Teflon (AF1601, one layer thick-
ness is 60 pum);

— each crystal was wrapped with Teflon,
and they are grouped in modules from 4
(2x2) or 9 (8 x 3) crystals, wrapped with
Mylar to determine the optimal structure of
crystals segmentation for the generation of
trigger signal.

Figure 5a shows a view of geometry of
the calorimeter for the case when each crys-
tal was wrapped with Teflon. Figure 5b
shows the spectrum of energy deposited in
the calorimeter. As follows from the analy-
sis of results (Figs. ba,b), the leakage of
shower takes place only in neighboring crys-
tals, so the required energy and coordinate
resolution of the calorimeter can be ob-

Functional materials, 22, 1, 2015
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tained. The Geant4 simulation of the calo-
rimeter for the COMET experiment where
was obtained the energy resolution of 4.8 %
for LYSO and 6 % for the GSO at the
105 MeV beam of electrons confirms this
conclusion [12]. Crystals were wrapped with
two layers of Teflon. The calorimeter was
located in 1 T uniform magnetic field.

Figure 5¢c shows geometry of the seg-
menting of the COMET calorimeter in mod-
ules from 4 (2 x 2) crystals wrapped with
Mylar, and Fig. 5d shows the spectrum of
energy deposition in the calorimeter. Com-
bining of the crystals in modules from 4
crystals, wrapped with Mylar, is making the
energy resolution of the calorimeter signifi-
cantly worse (Fig. 5d). In this case, the
structure of calorimeter becomes heteroge-
neous, and the losses of energy (photons)
inside the calorimeter depend not only on
the processes of scattering and absorption
on the material of the crystal and wrappers,
but also from electron beam trajectory.

Thus, the optimal structure of the calo-
rimeter can be the following:

— the lateral surfaces of crystals should
have a diffuse reflection, i.e., must be
wrapped with a double layer of Teflon to
improve the efficiency of the accumulation
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of photons due to diffuse reflection, and the
transverse homogeneity of the calorimeter;

— the front surface of crystals should
have a specular reflection, i.e., should be
wrapped with Mylar, Millipore, Tyvek and
others to improve a light collection. It will
improve the collection of photons in the
calorimeter and as a result, the energy reso-
lution will be better.

Grouping of crystals in modules,
wrapped with Mylar, leads to the transverse
inhomogeneity of the calorimeter, which is
depend from the trajectory of the electron
beam. Taken into account that in the calo-
rimeter for COMET experiment all tracks of
incident electrons are curved this heteroge-
neity will lead to large errors in the meas-
urements of electrons energy in the calo-
rimeter, and, as result the energy resolution
will be worse. Therefore, the segmentation
of the crystals in modules to generate the
trigger signal should be carried out at the
level of logic signals, i.e. to use the modules
from 4 crystals without wrapper of Mylar.

4. Conclusions
The researches have been carried out to

find methods to compensate the deteriora-
tion of the parameters of the calorimeter,
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because crystals selected as candidates to
create the calorimeter for the COMET ex-
periment have not optimal geometry.
Namely, the experimental and SLitrani and
Geant4 simulated studies of the losses of
photons along the crystal length were made.
Parameters and types of the reflective
wrapper were studied to achieve a given
geometric resolution of the calorimeter and
optimal structure of the segmented modules

for the trigger system.
As follows from the analysis of results,

the required values of the energy and coor-
dinate resolution for the COMET experi-
ment can be obtained for the case when the
lateral surfaces of the crystals wrapped
with two layers of Teflon, and the front
surface has a specular reflection. Combining
crystals into modules of four ecrystals,
wrapped with Mylar, leads to the transverse
inhomogeneity of the calorimeter, which is,
depend from the trajectory of the electron
beam. So, for the trigger system, it is
needed to use logical signals with modules
of crystals without Mylar wrapper.
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