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Abstract: In this paper, we propose a method that makes it possible to use an ultrathin calorimeter for
direct measurements of cosmic rays with energies of TeV and higher. The problems of determining
the primary energy with a thin calorimeter, due to large fluctuations in shower development, the low
statistics of analyzed events and the large size required for the calorimeter, are considered in detail.
A solution to these problems is proposed on the basis of a lessening fluctuation method. This method
is based on the assumption of the universality of the development of cascades initiated by particles
of the same energy and mass. For energy reconstruction, so-called correlation curves are used. The
main analyzed quantities are the size of the cascade and the rate of its development. The method
was tested using the calorimeter of the PAMELA collaboration. Based on simulations, it is shown
that the primary energy can be determined on the ascending branch of the cascade curve. This fact
solves the problems associated with the need to increase the calorimeter thickness with an increase in
primary energy and with the limitation of the analyzed events. The proposed technique is universal
for different energies and different nuclei.

Keywords: ultrathin calorimeter; cosmic rays; direct measurements; energy reconstruction; PAMELA;
shower development universality

1. Introduction

Measurements of the chemical composition and fluxes of cosmic rays play a decisive
role in understanding the mechanisms of their acceleration and propagation. Different
cosmological models predict different elemental composition of cosmic rays and different
spectra of the elements [1-3].

Cosmic rays at energies E > 100 TeV are studied at ground-based cosmic ray stations
based on the analysis of extensive air showers [4,5]. Cosmic rays at E < 100 TeV are studied
by direct measurements outside the Earth’s atmosphere on spacecraft or high-altitude
aerostats. The main advantage of direct experiments is the ability to measure the charge of
the incident particle.

The energies of cosmic particles are measured fairly accurately for particles with
energies E < 100 GeV. Modern magnetic spectrometers can detect the primary energy with
an error of less than 10 percent. Such devices have limitations at energies of TeV and
higher [6-8].

In the region of 1-100 TeV, there is a lack of experimental methods. Today, there is
practically only one reliable method for measuring the energy of various nuclei at energies
of TeV and above: this is the ionization calorimeter method [9,10].
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At present, calorimeters are used in almost all experiments in the study of cosmic
rays, in which the equipment is placed on high-altitude balloons or spacecraft. The main
problem with this method of measuring energy is that it requires heavy devices, since the
calorimeter must have sufficient depth to determine the value of the total energy release
in the calorimeter. Moreover, the higher the primary energy, the thicker the calorimeter
should be. The huge weight of the installation makes it much more difficult to use such a
device in space experiments.

A more promising approach to determining the energy of cosmic rays based on direct
measurements is the use of a thin calorimeter. In a thin calorimeter, the entire cascade of
secondary particles is not recorded, but only the beginning of the cascade is measured.
Many methods have been developed for measuring the energy of the initial particles
using various types of thin calorimeters. However, due to significant fluctuations in the
development of the cascade, the energy resolution of thin calorimeters when measuring
hadron cascades at the present stage is 30-70% [11-19].

Most of the energy measurement methods used in modern experiments are based on
the use of a cascade curve—the dependence of the cascade size (usually, the logarithm of
the energy release, log g, at the calorimeter measurement layer is used) on the penetration
depth (d) of cascade to this measurement layer.

If the cascade curve has reached its maximum in the calorimeter, then the primary
energy is reconstructed quite accurately. However, in order to measure the maximum of
the cascade, the calorimeter must have a sufficiently large thickness. Moreover, the higher
the primary energy, the thicker the calorimeter should be.

If the maximum of the cascade curve is not reached in the calorimeter, then the energy
release at the last layer of the calorimeter, or the total energy release in the calorimeter, is
used to determine the energy. Cascade curves fluctuate significantly. The cascade can begin
to develop on the first measurement layer, for example, or on the 10th measurement layer.
Accordingly, the total energy release in the calorimeter for these two cascades will differ
significantly. Furthermore, since total energy release is used to define primary energy, large
fluctuations in total energy release lead to large errors in primary energy reconstruction.

This paper presents a lessening fluctuation method (LFM) to improve energy recon-
struction for data obtained with thin calorimeters. The proposed method is based on
the use of so-called correlation curves—the dependence of the cascade size (S = log ¢)
on the cascade development rate (R). The cascade development rate is understood as a
value equal to the difference in the cascade size at two measurement levels, divided by
the calorimeter thickness, during the passage of which this change in the cascade size
occurs: R =(51—57)/(d1—dy), where d; and d; are the penetration depths to these two
measurement layers. The cascade development rate depends on the primary energy and,
therefore, can be used as an additional value to improve the accuracy of the reconstruction
of the primary energy. The size-rate curves practically do not fluctuate. They coincide with
the cascade, which begins to develop at the first measuring layer, and the cascade, which
begins at the 10th measuring layer. Therefore, the energy resolution is better than using
cascade curves.

Moreover, using this method, the primary energy is reconstructed near the beginning
of the development of the cascade. Thus, with increasing energy, it is not necessary to
increase the calorimeter thickness. Moreover, the calorimeter thickness can be reduced and
an ultrathin calorimeter used.

2. Primary Energy Measurement with a Calorimeter

The technical realization of modern ionization calorimeters can be variable, but the
idea remains invariable: the primary particle enters into a dense substance (absorber), in
which numerous nuclear and electromagnetic interactions take place. It gives rise to a
cascade of secondary particles. To measure the characteristics of the cascade, the dense
substance is sandwiched with special detectors. By measurement of signals from these
detectors, the cascade curve is formed.
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By their design, calorimeters are divided into homogeneous and heterogeneous. Het-
erogeneous calorimeters consist of layers of a substance with a high density (lead, tungsten),
where particles lose their energy during passage, alternating with layers of detectors (sili-
con), where the energy released by the particles of the cascade is measured. Homogeneous
calorimeters use substances (bismuth germanate crystal, lead tungstate, etc.) which are
simultaneously both an absorber and a detector.

The geometric dimensions of heterogeneous calorimeters are usually significantly
lower than those of homogeneous ones. In addition, they have better spatial resolution as
they are segmented in both the longitudinal and lateral directions. A significant drawback
of heterogeneous calorimeters is the transient effect due to the significant difference in
the densities of the absorber and detector. Cascade curves develop differently in different
materials. Consequently, the behavior of the cascade curve is violated when the cascade
transitions from one material to another. In this regard, fluctuations in the development of
the cascade from layer to layer can be observed. The strongest fluctuations from layer to
layer are at the beginning of the development of the cascade. This makes the analysis very
difficult [20].

Several methods have been developed to measure the primary energy of cosmic rays
using different types of calorimeters.

The PAMELA calorimeter is a heterogeneous calorimeter. It consists of 22(x, y) silicon
detector planes alternating with tungsten absorber planes. The calorimeter thickness
is 16.3 radiation lengths. In the PAMELA experiment, the primary energy is estimated
from the maximum of the cascade curve describing the longitudinal profile of the shower
developed in the calorimeter. If the shower maximum is located outside the calorimeter,
then the energy released in the last layer of the calorimeter is used to estimate the energy.
This technique provides an energy resolution for protons of ~40% [14].

The NUCLEON calorimeter thickness is 15.3 radiation lengths (the silicon microstrip
detectors interleaved with thin tungsten layers). The proposed technique for primary CR
energy measurement is based on the generalized Castagnoli kinematical method (KLEM
method) developed for emulsion. In this method, the primary energy is reconstructed by
registering the spatial density of the secondary particles. Secondary particles are generated
by the first hadronic inelastic interaction in a carbon target. Additional particles are then
produced in a thin tungsten converter by electro-magnetic and hadronic interactions. This
method provides an energy resolution of ~70% [16].

CALET is a homogeneous calorimeter made of lead tungstate (PbWO,) bars arranged
in 12 layers. The total thickness of the device is equivalent to 30 radiation lengths. The
primary particle energy is calculated from the total energy release in the calorimeter. The
energy released in the calorimeter is scaled linearly with the energy of the incident particle.
The obtained energy resolution is close to 30% [17].

ATIC is a homogeneous calorimeter consisting of 10 layers of 40 bismuth germanium
scintillation crystals (BGO). The total thickness is approximately 22 radiation lengths. For
protons, most of the released energy is not recorded by the calorimeter detectors. In this
regard, the selection of events was carried out according to predetermined conditions, such
as the interaction near the upper boundary of the calorimeter. Despite this, the energy
resolution for protons is ~30% due to large fluctuations in the energy release of the hadron
cascade [11].

DAMPE is a homogeneous calorimeter of about 31.5 radiation lengths. The calorimeter
is made on the basis of bismuth germanate crystals. For energy reconstruction, MC
simulations are used to derive the energy response matrix, applying some selections. Then
a deconvolution of the measured energy distribution into the incident energy distribution
is applied. The number of events in the i-th deposited energy bin is obtained via the sum
of the number of events in all the incident energy bins weighted by the energy response
matrix. The energy resolution for protons is approximately 35% [18].

Figure 1 shows the proton energy spectra measured in various experiments. As can be
seen from Figure 1, at energies up to 100 GeV, all the presented spectra practically coincide.
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At energies higher than 100 GeV, the difference becomes more significant, and the spectrum
measurement errors are significantly higher.
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Figure 1. Proton spectra of various experiments [11-19].

Modern experiments with calorimeters for 20-30 radiation lengths do not allow
measuring the entire flux of cosmic rays. Many events do not reach the maximum of the
cascade and they are excluded from the analysis. Alternatively, their energy is determined
with low accuracy. In this regard, the real energy spectrum is distorted. The higher the
energy of the primary particle, the thicker the calorimeter should be. To lift a much larger
calorimeter into space requires enormous financial cost. Therefore, it is necessary to look
for ways to reduce the influence of fluctuations in the development of the cascade on the
results of measuring the primary energy.

3. Lessening Fluctuation Method

LFM has been tested on the PAMELA calorimeter. Simulation of the development of
cascade processes formed by primary particles of various masses and energies was carried
out using the GEANT4 10.4 software package [21].

3.1. Fluctuations in Cascade Development

To determine the primary energy E based on the energy release at the observation level,
usually the following dependence is used: g = aE®, where a, b are parameters depending on
the penetration depth d and the mass of the primary particle. The equation is statistically
correct. However, g (at the observation level) strongly fluctuates in an individual event.
Therefore, in order to solve the problem of large fluctuations in the development of a
cascade, it is necessary to start with an analysis of fluctuations in individual events. For
this, we first considered individual cascades with significantly different cascade curves.

As the analyzed value of the cascade size, we used the logarithm of the energy release,
log g, at the measuring layer. The measuring levels of the PAMELA calorimeter were
equidistant. Therefore, as the cascade curved, we analyzed the dependence of the cascade
size on the layer number, L.
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The cascade, the development of which starts at the beginning of the calorimeter, is
called a fast cascade. The cascade, the significant development of which begins in the
second half of the calorimeter, is called a slow cascade.

Figure 2a shows the cascade curves for three cascades of 10 TeV protons with fast,
medium, and slow character of the development of the cascade process.
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Figure 2. (a) Cascade curves for three showers of 10 TeV protons with fast, medium, and slow character of the development

of the cascade process; (b) The size-rate curves for the same showers.

As can be seen in Figure 2a, the total energy release in the calorimeter for these three
showers differs significantly. The total energy release by the fast shower is several times
higher than that released by the slow shower. Therefore, methods using this parameter
to reconstruct the primary energy will determine that the energy of these showers is
significantly different, while the primary energy of these showers is the same. The situation
is similar for methods that use the energy release on the last calorimeter layer as a calculated
value, since this value also differs significantly for these three showers.

Determination of the energy from the maximum of the cascade curve is possible only
for fast showers. Slow and medium showers cannot be analyzed because they do not
reach the maximum of the cascade curve. Thus, the statistics of the analyzed events are
significantly reduced. Moreover, the maximum point shifts towards greater depth with
increasing energy. Therefore, the higher the primary energy, the thicker the calorimeter
should be.

To understand how to solve the problem of large fluctuations in the development of a
cascade, it is necessary to understand what their causes are.

The behavior of the cascade curve depends on the features of the interaction of the
primary nucleus with the nuclei of the calorimetric substance. Different approaches and
methods are used in order to study features in the multi-particle production [22-26]. First,
the fluctuations of the penetration depth before the first interaction are very important.
The earlier the primary particle interacts, the faster the cascade begins to develop. Second,
fluctuations in the multiplicity of the first interaction are important. If the first interaction
is central, then many particles are produced and the cascade develops rapidly. If the first
interaction is peripheral, then the cascade develops slowly. For example, the proton that
initiated the middle cascade (Figure 2a) interacted at the beginning of the calorimeter, but
the rapid development of the cascade began only after layer 9.
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After the first interaction, each secondary particle can interact, also producing sec-
ondary particles. The parameters (the penetration depth before the first interaction, the
number of secondary particles, etc.) of each subsequent interaction also fluctuate. However,
since there are several particles in a cascade, fluctuations of individual interactions can
partially compensate each other. When there are many particles in a cascade, the property
of universality of the cascade development is realized. All cascades initiated by particles of
the same energy and mass develop in the same way [27,28].

Thus, the cascades differ greatly in the depth of the first interaction. They also differ
greatly in the parameters of the first interaction (multiplicity, peripherality, etc.). This leads
to major fluctuations at the beginning of the cascade curve. However, the cascade fluctuates
weakly if it contains many secondary particles. Thus, instead of the penetration depth, it
is necessary to find another parameter that does not depend on these fluctuations in the
development of the cascade process.

LFM is based on the use of so-called correlation curves—the dependence of the
cascade size (S = log g) on the cascade development rate R = (S1—53)/(d1—d3). As unit
absorber (d1 —dy), a thickness equal to three layers of the PAMELA calorimeter was chosen.
Therefore, the rate of shower development was calculated as the difference between the
cascade size on the L-th and L + 3 measuring layers, R = S; —5.43.

When choosing the thickness of the unit absorber, we took into account two main
factors. The first factor was fluctuations from layer to layer. The thinner the unit absorber,
the higher the relative fluctuations of R due to fluctuations from layer to layer. Therefore,
it was preferable to choose a thicker unit absorber. The second factor was the calorimeter
thickness. The thinner the unit absorber used in the LFM, the more points on the correlation
curve could be obtained. Looking to the future, a thin unit absorber makes it possible to
use an ultra-thin calorimeter to measure primary energy.

Figure 2b shows the correlation curves for the same three showers that were presented
in Figure 2a. As can be seen in Figure 2b, in contrast to the cascade curves (Figure 2a), the
correlation curves almost coincide for fast, medium, and slow showers.

This greatly simplifies the task of determining the primary energy. Regardless of
fluctuations in the development of a shower, all proton showers of the same energy are
located on the same curve. Therefore, the energy of these showers will also be defined as
the same.

3.2. The Analysis Procedure: The Size-Rate Function

The analysis procedure consisted of several main stages.

First stage: simulation of cascades with fixed energies.

We simulated 100 cascades initiated by iron nuclei, 100 carbon cascades and 100 proton
cascades with fixed energies of 1 TeV and 10 TeV in the PAMELA calorimeter.

The mean cascade curves for these cascades are presented in Figure 3a. Error bars
show statistical errors. As can be seen in Figure 3a, the development of the proton and Fe
cascades is significantly different. At L < 8 Fe showers with energy of 1 TeV have log ¢
higher than proton showers with energy of 10 TeV. The most significant factors determining
the observed differences are the penetration depth before the first interaction and the
number of secondary particles formed.

Second stage: smoothing the cascade curve.

To reduce fluctuations from layer to layer, a signal accumulation method along the
spectrum was used. This method allows for a softer minimization of fluctuations from layer
to layer, in contrast, for example, to fitting with a polynomial function [29]. Smoothing was
carried out at three points in accordance with the formula:

Sy =

@ =

L+1
2 log g
i=L—1
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where log g; is the measured value of the shower size, and Sy, is the accumulated value of
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Figure 3. (a) Cascade curves for showers initiated by protons, C and Fe nuclei with energies of 1 TeV and 10 TeV in the

PAMELA calorimeter; (b) The size-rate curves for the same showers.

Third stage: searching for the beginning of the cascade development.

As can be seen in Figure 3a, the avalanche-like process of the cascade development
does not always begin immediately after the interaction of the primary particle with the
calorimeter substance. If the first interaction is peripheral, then the energy release from
layer to layer can not only increase, but also decrease. We considered such cascades as not
having started. In order to separate the part of the measurements in which the cascade had
not yet begun, we compared the rate of development of the cascade in adjacent layers. If
the rate of development of a cascade increased at three adjacent observation levels in a row,
then such a cascade was considered to have begun. For example, the fast cascade shown in
Figure 3a was considered to have started at the first level, the middle at layer 9, and the
slow cascade only at layer 15.

Fourth stage: plotting SR distributions.

Figure 3b shows the average size-rate dependences for the same proton, carbon and
Fe cascades as in Figure 3a.

As can be seen in Figure 3b the size-rate dependences are an ordered structure
depending on the primary energy and are practically independent of the type of the
primary nucleus. This fact can also be attributed to the advantages of the presented
approach.

Fifth stage: creating the size-rate function.

To create the SR function, we fitted the SR curves of third-order polynomial functions
for each fixed energy:

S (R) =ag + ;R + a,R? + a3R3 1)

Then the coefficients ay, a1, a5, a3 were fitted depending on the energy. The size-rate
function for reconstructing primary energy was in the following form:

S(R,E) = ag(E)+aq (E)R+ay(E)R?+a3(E)R3 (2)

Using the size-rate function (2), an analysis of test cascades was performed.
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3.3. Analysis of Test Cascades

For the analysis 100 test cascades formed by primary protons, 100 carbon cascades
and 100 cascades formed by iron nuclei with random energies in the range from 1 TeV to
10 TeV were simulated.

Reconstruction of the primary energy was based on dependence (2). In order to
determine the energy of the i-th test cascade using (2), it was necessary to substitute into
the function (2) the “measured” value of the rate Ry, and to vary Eye in order to minimize
the difference between “measured” value of the size Sy, and the size-rate function (2):

| Sm - S(RmrEreC) I =1 Sm - (QO(Erec) + al(Erec) Rm + aZ(Erec) Rm2 + a3(Erec) Rm3 ) I <e

In the calculations, we used € = 0.001. Energy reconstruction errors were calculated
using the formula:

Z (E — EV@C)Z

E:
7 n—1 !

where 1 is number of reconstructed events.
Figure 4 shows the energy resolution reached by this procedure. The energy resolution
is practically independent of the primary energy.
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Figure 4. Energy resolution for p, C and Fe cascades at different energies in the PAMELA calorimeter.

In this paper, we did not consider the correlation between fit parameters and how
they affect the ultimate energy reconstruction. It is likely that an improvement in the fitting
parameters can improve the results of primary energy reconstruction.

The correlation curves presented in this paper were constructed for analysis of the
PAMELA calorimeter. In case of a change in the geometry and material of the calorimeter,
the analysis procedure must be repeated in full.

4. Conclusions

In this paper, we considered the possibility of using an ultrathin calorimeter for direct
measurements of cosmic rays with energies TeV and higher. The following problems of
measuring the energy of cosmic particles using a thin calorimeter were considered in
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detail: large fluctuations in the development of cascade processes (they lead to significant
errors in determining the energy); limiting the number of analyzed events (particles whose
cascade curves have not reached their maximum cannot be measured and they are excluded
from the analysis); large calorimeter sizes (the higher the primary energy, the thicker the
calorimeter should be). A solution to these problems is proposed on the basis of a lessening
fluctuation method. This method is based on the assumption of the universality of the
development of cascades formed by particles of the same energy and charge. For energy
reconstruction, so called, SR curves are used. The main analyzed quantities are: S—the
size of the cascade (the energy deposited on each layer of the calorimeter); R—the rate of
development of the cascade (the difference in the cascade size on two measuring layers of
the calorimeter).

Based on simulations of the PAMELA calorimeter, it is shown that the SR curves are
almost parallel to each other and practically do not depend on the depth of the cascade
development. It makes it possible to determine the primary energy for cascades that have
not reached their maximum. This fact solves the problem associated with the need to
increase the calorimeter thickness with increasing primary energy. Therefore, an ultrathin
calorimeter can be used for measurement. In addition, the statistics of the analyzed events
can be increased. Correlation curves fluctuate much less than cascade curves. Therefore,
the energy resolution for protons is improved by ~10 percent. The proposed technique is
universal for different energies and different nuclei.
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