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Abstract—A 64-channel readout and data-acquisition module is described in detail. It consists of an H12700
multianode photomultiplier tube, four PADIWA preamplifier boards, and a TRB v3 card that perform the
functions of a time-to-digital converter and a data concentrator. The software modules that are necessary for
operation of the prototype are described. The inter-channel delays are calibrated. The drift of individual
delays does not exceed 0.5 ns for the entire measurement time. The spectra of the “time over threshold” (ToT)
are investigated. The influence of periodic noise pickups and the need to improve circuit designs are revealed.
The timing properties of the wavelength shifter and its effect on the detection efficiency for Cherenkov rings
are investigated. The most intense component is characterized by a decay time of 1.1 ns and there are com-
ponents with characteristic times of 3.8 and 45 ns. The influence of single-electron spectrum features on the
detection efficiency for photoelectrons and the probability of false hits are determined. The total time reso-
lution of 131 channels is 1.1 ns (FWHM). The results make it possible to use the investigated system of readout
and data acquisition in the CBM experiment. Nevertheless, the elimination of the revealed shortcomings will
provide the efficiency margin and improve the reliability of the system during long-term operation.

DOI: 10.1134/S0020441218030028

1. INTRODUCTION

The FAIR (Facility for Antiproton and Ion
Research) accelerator facility [1] and, in particular,
the CBM (Compressed Baryonic Matter) experimen-
tal setup [2–5], are currently under construction in
Darmstadt, Germany. The physical program of the
CBM experiment is aimed at studying the phase dia-
gram of strongly interacting matter and the equation of
state of matter at extremely high densities of baryonic
matter, which are obtained in collisions of relativistic
nuclei in an experiment with a fixed target.

The yields and distributions in the phase space of
particles generated in the interaction region must be
measured for the implementation of the program.
For this purpose, in each event, it necessary that:

• short-lived particles, including very rare ones, be
reconstructed by their decay products;

• long-lived products of interactions be identified;
• the centrality of the collision be measured (the

impact parameter be determined);
• the reaction plane be determined.
To be capable of performing various measure-

ments, the CBM setup will function in two configura-
332



DEVELOPMENT OF THE READOUT AND DATA-ACQUISITION SYSTEM 333

Fig. 1. The general view of the CBM experimental setup in the configuration with the RICH detector of Cherenkov rings:
(MUCH) muon detector, (TRD) transient radiation detector, (TOF) time-of-flight detector, (ECAL) electromagnetic calorim-
eter, and (PSD) detector of non-interacting nuclear fragments.
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tions: with the MUCH (Muon Chamber) muon
detector and the RICH (Ring Image Cherenkov)
detector of Cherenkov rings.

The diagram of the CBM experimental setup with
the RICH detector is shown in Fig. 1.

Between the poles of the superconducting dipole
magnet [6] is a vacuum chamber containing a target
and the Micro Vertex Detector (MVD) [7]. The MVD
is based on a monolithic pixel detector of the MAPS
(Monolithic Active Pixel Sensor) type. Downstream
of the beam, also between the poles, but, in contrast,
outside the vacuum chamber, are the stations of the
Silicon Tracking System (STS) [8], which are assem-
bled from double-sided microstrip sensors. The MVD
and STS coordinate tracking detectors have been
designed to reconstruct trajectories of charged parti-
cles, to restore their momenta with an accuracy of at
least 1%, and finding secondary vertices under condi-
tions of high multiplicity and density of particles.

Next to the STS is the RICH detector of Cheren-
kov rings [9]. The RICH detector has been designed to
identify electrons and positrons in a momentum range
of 0.5–8.0 GeV/c in order to reconstruct decays of
light vector mesons and J/ψ particles. This detector,
whose development is discussed in this paper, has a
1.7-m-long radiator filled with carbon dioxide under a
slight excess pressure and a focusing system of seg-
mented spherical mirrors with a radius of 3 m and a
total area of 13 m2. A Hamamatsu H12700 multianode
photomultiplier tube (MAPMT) is used as a position-
sensitive photodetector.
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In the alternative configuration the RICH detector
is replaced with the MUCH muon system [10].
MUCH is intended primarily to study particles that
undergo dimuon decay; it consists of alternating layers
of iron and gas track chambers [11].

The transition radiation detector (TRD) is used to
reconstruct particle tracks and identify electrons or
positrons under conditions of a dominant pion back-
ground [12].

Hadrons are identified using a time-of-flight
(TOF) detector [13].

The electromagnetic calorimeter (ECAL) of the
“shashlyk” type is needed for detecting direct photons and
photons from the decay of neutral mesons (π0, η) [14].

The Projectile Spectator Detector (PSD) of nonin-
teracting nuclear fragments [15] is a segmented hadron
calorimeter that embraces small polar angles and
serves to determine the impact parameter of a collision
and the reaction plane.

The experiment is characterized by a high multi-
plicity of secondary particles, a large density of tracks
at small angles, and a high frequency of interactions.
As a result, the detectors contain tens of thousands of
tightly packed readout channels operating without a
triggering system, from which a large data stream must
be collected and analyzed at once.

In this paper, we describe the test results for proto-
types of the photon-detection, readout, data-acquisi-
tion, and primary data-processing systems. All (both
hardware and software) principal modules were
 Vol. 61  No. 3  2018



334 ADAMCZEWSKI-MUSCH et al.

Fig. 2. The diagram of the Metal Channel dynode system.
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implemented in the corresponding systems of the
Cherenkov-ring detector that is being developed for
the CBM experiment. The tests were carried out both
in the laboratory and on the beam of the Proton Syn-
chrotron (PS) at CERN, as a part the full-featured
prototype of the RICH detector.

2. THE FEATURES OF THE H12700 
MULTIANODE PMT

The Hamamatsu H12700 Multianode PMT [16],
which appeared on the market in 2013, was character-
ized in detail in [17]. It has the following advantages: a
large fraction of the cross-sectional area is occupied by
photosensitive pixels; it has a square shape, which
allows large areas to be covered without loss (the pack-
ing density is 87%); a single-photoelectron signal
transit through the dynode system occurs in a short
period of time; a small time from event to event; and
low crosstalk as well as a low rate of thermal-electron
production. It is superior to its predecessor, H8500
MAPMT [18], in most parameters. Some parameters
of an H12700B-03 MAPMT used in the photoelec-
tron-counting mode are presented below.

The spectral sensitivity of an H12700B-03 MAPMT
used in this work is determined by a bialkali photoca-
thode and an entrance window made of glass transpar-
ent to UV light. The short-wavelength limit of the sen-
sitivity spectrum is λmin = 185 nm, and the quantum

Typical gain 1.5 × 106

Dark counts per channel, s–1 ≈10

Dark counts for the entire multianode PMT, s–1 <1000

Pulse rise time, ns 0.64
Spread in the time of electron avalanche
development, ns 0.28

Number of Metal Channel dynodes 10
INSTRUMENTS AND EX
efficiency maximum is 33% and is attained at a wave-
length λ = 380 nm. Such spectral characteristics pro-
vide detection of Cherenkov radiation in the UV spec-
tral region. An MAPMT channel consisting of a frag-
ment of the dynode system and a photocathode region
called a pixel corresponds to each anode. The rms
deviation of the gain in the MAPMT channels from
the mean value does not exceed 16% [16]. The spread
in the quantum efficiency between pixels is, according
to our data, ±10%.

It has been shown that the radiation hardness of the
device is sufficient for use in the CBM experiment [19,
20]. The serviceability of the device in a magnetic field
as high as 2.5 mT without a significant drop in its per-
formance was also demonstrated [17]. The use of mag-
netic shields and the selection of the optimal photode-
tector location in space make this MAPMT suitable
for the CBM experiment.

Along with the listed advantages, the H12700B-03
MAPMT has some features that have no analogs in the
traditional MAPMT and require special attention in
the development of the readout channel. The multipli-
cation of electrons in the dynode system occurs in the
vacuum volume that is common for all channels.
Being placed in a single vacuum volume, the dynode
system of the Metal Channel type (Fig. 2) [21] is rather
compact, uniform for all channels, and capable of pro-
viding excellent timing properties.

Electron avalanches that correspond to different
channels differ in the location of their passage through
the dynode system. Effects are observed, such as the
knockout of electrons from dynodes by photons after
their passing through the photocathode and the
deflection of electrons from an ideal trajectory due to
the spread of energies. The latter feature causes elec-
trons to reach subsequent stages of the dynode system,
bypassing the previous ones. This results in the f low of
the entire electron avalanche or its part to the adjacent
PERIMENTAL TECHNIQUES  Vol. 61  No. 3  2018
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Fig. 3. The block diagram of MAPMT readout consisting of four PADIWA discriminator boards and one TRB v3 board.
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channel. The f low of a fraction of the avalanche to an
adjacent channel takes place in more than 25% of all
cases with the uniform illumination of the entire pho-
tocathode. The value of the f lowing charge is 3–7%,
depending on the relative location of the MAPMT
channels [17]. The probability that an avalanche from
a photoelectron will fully develop in the adjacent
channel depends on the mutual arrangement of the
channels and under uniform illumination ranges from
0.1 to 2%.

In addition, in the presence of a relatively large sig-
nal in one of the channels, bipolar interference is
observed in channels that have their dynodes in a sin-
gle row. After integration of this interference, low-
amplitude pulses may be produced in several channels
[22]. In an ordinary single-channel MAPMT, such an
effect is not observed due to the absence of coupling
with adjacent channels, the presence of an extended
focusing system, and a dynode-system design in which
the dynodes have a large area and subsequent stages
are completely screened by the previous ones.

Owing to the described features, a single-electron
spectrum has a low-amplitude part, which merges
with the noise and is separated from the main peak by
a deep valley. The observation of this effect in our
measurements is discussed in Subsection 6.6.

3. THE STRUCTURE OF THE DATA-
ACQUISITION SYSTEM FOR THE RICH 

DETECTOR OF THE CBM EXPERIMENT
3.1. A 64-Channel Readout Module

Physically and functionally, all the electronics for
reading and digitizing data from the RICH detector of
the CBM experiment can be grouped into 64-channel
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 
modules, each of which corresponds to one MAPMT.
The block diagram of the 64-channel module is shown
in Fig. 3. The module includes four PADIWA boards
and one TRB v3 board.

PADIWA is a 16-channel front-end electronic
board developed by the GSI [23]. The board is
attached to an MAPMT through an adapter card, the
only destination of which is to connect the MAPMT
anodes with the corresponding inputs of the PADIWA
board. On one side of the PADIWA circuit board are
16 signal inputs with an impedance of 100 kΩ. Each
input has two contacts: ground and signal.

The board has a connector that allows connection
of 20 Low-Voltage Differential Signaling (LVDS) lines.
Four LVDS lines are used to control the board, and the
other 16 LVDS lines are outputs. A standard JTAG
port is provided on the board for programming a field-
programmable gate array (FPGA). Each PADIWA
channel has its own lowpass filter with a bandwidth of
approximately 100 MHz and an NXPBGA 2803 pre-
amplifier, which constitute the analog part of the
channel. After amplification, the signal arrives at the
FPGA.

An FPGA in each input line has a comparator, via
which one can set their own threshold for separating
the logical levels of the input signal. Therefore, the
adjustable FPGA inputs can be used as discriminators
for the analog signal.

The multifunction TRB v3 board contains five
FPGAs, each of which can be independently pro-
grammed. One central FPGA and four peripherals are
used. In our case, four peripheral FPGAs are pro-
grammed as a time-to-digital converter (TDC) array,
and the central FPGA acts as a data concentrator.
 Vol. 61  No. 3  2018
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Such a configuration of the board will be called TRB v3
(configuration 1).

The output logical LVDS signals from all 16 chan-
nels of the PADIWA board are fed to one of the
peripheral FPGAs of the TRB v3 board, where each
input channel is split into two TDCs: the first is sensi-
tive to the leading edge, while the second is sensitive to
the falling edge of the logic signal at the input. In addi-
tion, one more TDC is used to assign timestamps to
synchronization signals. Thus, the output of the entire
TRB v3 board collects data from 132 TDC. The TRB v3
board has Ethernet ports: both an RG45 and an opti-
cal SFP, which are used for two-way communication
with other TRB v3 boards or with a computer.

All peripheral FPGAs are divided into a number of
areas, in each of which the same TDC circuit is pro-
grammed. These circuits are located in different areas
of the array; thus, each TDC has its own signal path
length traveled inside the FPGA.

A pulse from one input channel is processed by two
TDCs, the relative delay between which must be cali-
brated using a precise rectangular-pulse generator.
Note that for each TDC an FPGA has an individual
counter of recorded timestamps, whose value can be
interrogated regardless of the main data stream. Such
a counter can be used, e.g., to obtain the dependence
of the counting rate on the discriminator threshold in
order to determine the optimum threshold.

A time measurement in the TDC is carried out in
two stages. The clock generator with a period of 5 ns
controls the ring counter. The 28 high-order bits of
this counter are called the epoch, while the 11 low-
order digits are called the coarse time [24]. When mea-
suring the time of the leading edge input signal, the
time value is encoded by two messages: the epoch and
the timestamp. To reduce the output stream, the value
of the epoch, which increases every 10/24 μs, is trans-
mitted once for a group of timestamps belonging to
this epoch.

An additional 10-bit register is used for measure-
ments with a higher accuracy. The value of the fine
time obtained from the digital delay line with taps on
512 effective elements is written to the register.
Because of the imperfection of the components, scat-
ter occurs in the parameters of the elements in the
delay line; therefore, the results of fine time measure-
ments must be calibrated with respect to the range of
register values. The calibration procedure is discussed
in Subsection 5.2.

The FPGAs on the TRB v3 board form 4-byte
messages of one of the following types: EVENT, SUB-
EVENT, SUBSUBEVENT HEADER, TDC
HEADER, EPOCH COUNTER, TIMESTAMP,
and DEBUG. The logic for generating messages is
described in detail in the documentation [25].

It should be noted that each readout channel is
characterized by some individual delay between the
moment of photoelectron production and the time-
INSTRUMENTS AND EX
stamp of the leading edge. This delay is determined by
the time of the electron-avalanche development in the
dynode system, the propagation time of the signal
along the conductors, and the switching time of the
logic elements. The procedure for correcting delays
and its features are described below, in Subsections 5.3
and 6.2.

3.2. Data Concentration and Inputting to a PC

The concept of the data-acquisition system for the
CBM experiment includes four functional levels, each
of which is implemented by corresponding boards. In
the general case, the front-end board (FEB) that is
used to perform analog conversions and signal digiti-
zation is adjacent to the detector. Further, the data in
the form of electrical digital signals are fed to the read-
out board (ROB), where the data are concentrated and
transferred via an optical channel. At the next level,
there are data-processing boards (DPBs). The DPBs
compress data from various detectors by removing
redundant information in a way specific to each detec-
tor and group these data into packets called the time
slices.

Each time slice contains messages from a certain
group of readout channels with a timestamp in a pre-
determined interval. Further, they are transmitted
over optical channels that are fewer in number and fea-
ture a higher throughput [26]. The data are then trans-
ferred to the memory accessible to the central proces-
sor of a computer over a high-speed bus through the
interface boards, called the FLIBs. The abbreviation
FLIB denotes the FLES interface board, and, in turn,
the FLES [27] is the first-level event selector, i.e., a spe-
cialized hardware and software system for constructing
events “on the fly” and selecting them according to spec-
ified criteria. The FLIB can be implemented, e.g., by
programming a commercial PCI-E HTG K-7 card.

In the case of beam tests, the RICH front-end elec-
tronic board is a pair of PADIWA–TRB v3 (configu-
ration 1). In the future, it is planned that the functionality
of these boards will be combined on a single DIRICH
board [28]. A TRB v3 card configured as a concentra-
tor is used as a ROB. The DPB is at the prototype
development stage, while the FLIB has been used for
the first time in one of the tested versions of the data-
acquisition system. A significant part of the measure-
ments were performed using a stable data-acquisition
system based on the data-acquisition backbone core
(DABC) [29] and a conventional network card.

4. EXPERIMENTAL SETUPS
4.1. The Experimental Setup for Beam Tests

The system of reading and data acquisition was
studied as part of a full-featured prototype of the
RICH detector for the CBM experiment during com-
prehensive beam tests of several prototype detectors
PERIMENTAL TECHNIQUES  Vol. 61  No. 3  2018



DEVELOPMENT OF THE READOUT AND DATA-ACQUISITION SYSTEM 337

Fig. 4. The diagram of the RICH detector prototype.

Computer
with

FLIB

Computer
with

DABC

Mirror-
positioning
system Mirrors

Network
switchboard

PADIWA
-amps and 
test setup
with 18

TRB  v3

To FLIB

To NIC

Laser

LED

Digital
camera

Beam
Light-reflecting mesh

Adapter card

Multianode PMTs
RICH
prototype
case

Stubs

PAD
IW

As
Gas

system

Radiator СО2
for the same experiment [30]. The design details of the
transition-radiation and TOF prototype detectors
were presented in [31] and [32], respectively.

The tests were conducted on the T9 beamline of
the PS at CERN [33]. A mixed secondary beam con-
sisting of electrons, pions, and muons with a momen-
tum adjustable in the range of 0.5–10 GeV/c was used.
During the tests, the beam was tuned to momenta of
1–3 GeV/c. The spill duration was approximately 2 s and
500 electrons were detected for this time, on average.

The diagram of the RICH detector prototype for
the CBM experiment is shown in Fig. 4.

The aluminum case of the RICH detector is her-
metically sealed and is 1.4 m wide, 1.2 m high, and 2.4 m
long downstream of the beam, while the path length of
a particle in the radiator to the mirrors is 1.7 m. The
detector radiator is carbon dioxide at an excess pres-
sure of 2 mbar at room temperature. The refractive
index of the gas for the near UV spectrum range is n =
1.00045. The cleaning of the gas and the stabilization
of its pressure with an accuracy of 0.1 mbar were pro-
vided by the gas system described in [34]. The absolute
pressure of the gas mixture and the temperature are
monitored by a slow control system. The current
refractive index value is automatically calculated and
stored with data.

The mirror-positioning system was described in
detail in [35]. A mirror-position diagnostic system
[36] is also used, which consists of a reflective mesh
that occupies the entire front wall of the prototype
body, a Roithner UVTOP240 LED [37] with a wave-
length of 245 nm, and a digital camera that is read
remotely. The system allows one to determine the
deviations of individual mirror parts and the correc-
tions to the rotations of individual mirror parts and
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 
calculate corrections to the coordinates of hits
(detected photons).

Cherenkov radiation is focused by mirrors on a
photosensitive chamber that contains an array of 4 × 4
MAPMTs, six of which are Hamamatsu H12700 and
ten are Hamamatsu H8500 tubes. These MAPMT
models have a cross section of 52 × 52 mm2. Some
MAPMTs were preliminarily covered with a layer of a
wavelength shifter (WLS) 150–200 nm in thickness.
Paraterphenyl (≈40 wt %) in a Paraloid B72 (poly-
methyl acrylate) polymer matrix was used as a WLS.

The WLS was applied by immersion in a solution of
coating components in dichloromethane; see [38].
The WLS was scraped off at a certain time during the
beam test. This made it possible thereafter to estimate
the influence of the WLS on the single-photon detec-
tion efficiency and on the time variation of hits that
belong to the same ring.

An Alphalas Picopower LD405 laser [39] was used
along with an LED to monitor the readout system and
calibrate the inter-channel delay. This laser emits at a
wavelength of 405 nm; its nameplate pulse width is less
than 40 ps. The operating frequency of the laser, as
well as of the LED, was 100 Hz. The laser intensity was
selected so that the response frequency of each pixel
was approximately 10% of the operating frequency of
the laser.

Data were read out of each MAPMT by the module
described in Subsection 3.1. Mechanically, all the 16
MAPMTs were mounted on the adapter card, which
ensured the tightness of the case and wiring of the high
voltage. The PADIWA preamplifier–discriminator
boards were mounted on the adapter card from the out-
side. The logical signal from these boards was transmit-
ted to the TRB v3 (configuration 1) boards attached to
the prototype case over stubs consisting of 2-m-long
 Vol. 61  No. 3  2018



338 ADAMCZEWSKI-MUSCH et al.

Fig. 5. The layout of readout of the entire chamber and the beam detectors: (TRB) TRB v3 with standard firmware of four TDCs
and “a hub,” four expansion cards are the adapters for stubs that receive logical LVDS signals from the PADIWA boards; (TRB
CTS HUB) TRB v3 with the “CTS + 4hubs” firmware; and (CTS) Central Trigger System, four expansion cards, each with eight
input optical ports, the trigger from one RG45 output is distributed through the special “LVDS fanout” boards.
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twisted pairs. A total of 64 PADIWA boards and 16
TRB v3 (configuration 1) boards were installed in the
entire chamber. The data from the 16 TRB v3 boards
were fed to the additional (17th) special-configuration
TRB v3 card, which was, apart from the data concen-
trator, also a generator and a distributor of the readout
trigger for all TRB v3 boards.

Pulses from generators that control the laser and
the LED, as well as signals from the beam detectors,
were processed by PADIWA-amp boards (a board that
is similar to PADIWA, but allows signal-amplitude
measurements and has half the number of channels
[23]) and digitized by a TDC on one more, the 18th,
TRB v3 card. This card also has a non-standard con-
figuration and combines the functions of the TDC and
the data concentrator. Two data-acquisition systems
functioned in parallel: one received data via a standard
network interface (a network hub) from each TRB v3
card via a copper carrier and the other received data via
the FLIB from the 18th TRB v3 card. The layout of
reading the entire chamber and the beam detectors is
shown in Fig. 5. We note that a computer with the
FLIB installed in it was used to receive data not only
from the prototype of the RICH detector, but also
from other detectors.

4.2. The Laboratory Test Setup
The PADIWA board-based readout system was

first used in the beam tests of the CBM experiment in
November 2014. The simplest analysis of the data
obtained showed that some timestamp distributions
lacked an obvious explanation. This required assem-
bling a laboratory stand with which it was possible to
study the features in the operation of one multichannel
module of the readout system described in Subsection 3.1
in more detail. In some measurements, the output
INSTRUMENTS AND EX
LVDS signal from the PADIWA board was not digi-
tized by the TDC, but was read out by an oscilloscope
using an active probe.

For a better understanding of the operation of the
readout and data-acquisition system, a more informa-
tive but slow version of the system for readout and data
acquisition based on a 128-channel n-XYTER chip
was created at the same laboratory test setup. Each
channel of this chip measured the arrival time of the
leading edge and the amplitude of the input signal.
The system consists of a front-end electronics board that is
connected to the MAPMT via a printed-circuit-board–
adapter and to the computer via the SysCoreROC read-
out controller [40]. For readout of one MAPMT, it is
enough to use 64 channels, i.e., half of the channels of
one front-end electronics board.

The diagram of the laboratory test setup is shown in
Fig. 6.

The test setup is enclosed in a light-proof body
measuring 80 × 80 cm and 2 m long. The laser used in
the beam tests was also used here as a light source.
The laser light was delivered into the case over a fiber.
In order to provide uniform illumination of the
MAPMT surface, the laser light passed through a scat-
tering frosted glass.

The laser intensity is matched so that the channels
of the MAPMT work in the single-electron mode.
The average frequency of recording photoelectrons in
each channel is approximately 10% of the frequency of
the laser pulses.

The H12700 MAPMT was located at a distance of
~30 cm from the scattering glass. The scattering glass
and the MAPMT were enclosed in a black plastic pipe,
which in turn was placed in a light-proof housing.
To reduce the dark counts, the MAPMT was kept in
the dark for at least 1 h before starting measurements.
PERIMENTAL TECHNIQUES  Vol. 61  No. 3  2018
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Fig. 6. The layout of laboratory setup: (ROC) readout controller.
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Two systems of readout and data acquisition were
installed simultaneously, each on its side of the case.
The above-mentioned plastic pipe, the scattering
glass, and the MAPMT rotate as a unit, providing the
same illumination conditions for of the MAPMT in
positions that correspond to the operation with both
readout systems.

Both systems of readout and data acquisition are
self-triggered in the sense that each pulse at the input,
upon overcoming the preset threshold, is measured
and entered into the output buffer. However, for the
data from the output buffer to be sent to the computer,
a read pulse must be periodically sent to the auxiliary
input of the readout controller. In our setup, the pulses
of the laser-controlling generator act simultaneously
as a trigger for reading the output buffer.

In the used systems of readout and data acquisition,
the read trigger automatically enters the input data
stream. This makes it possible to analyze the recorded
time stamps, comparing them with the moment of the
laser pulse. The data were sent from both systems of
readout and data acquisition via a standard Ethernet
cable to the network interface of the computer.

5. THE SOFTWARE
The software for the system of readout and data

acquisition of the RICH detector prototype for the
CBM experiment is a set of modules for data recep-
tion, primary processing, and storage, which are all
implemented within the CbmRoot software frame-
work [41]. CbmRoot, together with FLESnet [42],
forms an infrastructure that allows reception, simula-
tion, reconstruction, and analysis of data in the CBM
experiment.

All stages, from data readout to analysis, can be
performed “on the f ly,” without recording intermedi-
ate results on the disk. In the course of the tests
described in this article, the data-processing sequence
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 
shown in Fig. 7 was used. The software implementa-
tion, functionality, and interaction of individual units
are described below.

5.1. Unpacking

Unpacking is the first stage in the processing of
data that come from the electronics. In CbmRoot, it is
possible to process both data that arrive directly from
detectors and that are being saved to a file (using the
DABC in the HLD–HADES list mode data format
[43]). When using the FLIB, unpacking is preceded by
the launch of a small interface module that extracts mes-
sages related to the RICH detector from the FLESnet
data stream in the time slice archive (TSA) format.
Unpacking is implemented as a CbmRichTrbUnpack
task class. As a result of execution of each iteration,
TClonesArray with objects of the CbmTrbRawMessage
class is formed at the output.

5.2. The Fine Time Calibration

The procedure for calibrating fine time embodies
the well-known technique for calibrating a digital
delay line with taps [44]. The calibration technique is
based on the fact that the distribution of the signal-
arrival times must be uniform over the time interval
occupied by all delay elements. Upon analyzing a por-
tion of the acquired data for each channel, a discrete
fcalib(Fine) function is constructed, i.e., a table for
transition from the register value to the fine time in
nanoseconds. When using the fine time calibration
table, the total time is calculated as T [ns] = Epoch ×
2048 × 5 + Coarse × 5 – fcalib(Fine).

The fine-time calibration procedure is imple-
mented in the CbmTrbCalibrator singleton class,
which is not a part of the data-processing pipeline;
i.e., access to an object of this class can be performed
from any place in the program. The possibility exists to
 Vol. 61  No. 3  2018
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Fig. 7. The diagram of interaction of the software modules.
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save calibration tables to a separate file, which speeds
up multiple calculations due to repeated use of once-
calculated tables. The features of the fine-time cali-
bration functions and their effect on the time resolu-
tion were discussed in detail in our works [45, 46].

5.3. Inter-channel Delay Correction

To correct inter-channel delays, the CbmTrb Cali-
brator class makes it possible to import a correction
table built in advance using the CmbRoot macros
Extract Delays and Build Delta Table based on the
results of the first data analysis run.

The algorithm for correcting delays is as follows.
Let use introduce continuous numbering of pixels over
the entire photosensitive chamber consisting of many
MAPMTs. The total number of pixels is M = 64N,
where N is the number of MAPMTs. All leading edges
with a timestamp that falls within a preset time win-
dow with reference to the laser triggering are selected
for the analysis. The window is selected in accordance
with the distribution constructed for a specific data
set. Usually, the width is approximately 100 ns and the
left boundary is shifted for 20 ns from the moment of
laser triggering. Throughout the array of selected data,
histograms of the difference between the timestamps
of the ith and jth channels are constructed, where i and
j run through values from 1 to M. As a measure of the
inter-channel delay difference, the user can take, at
their choice, either the average or the most probable
value of the distribution. The obtained values are used
to fill a skew-symmetric matrix A with dimensions of
M × M. Afterward, the user can define the reference
channel relative to which the correction table will be
created, which is actually a column of the matrix A.

5.4. Reconstruction of a Hit

The set of information about each detected photon,
called a hit, consists of two messages containing time-
stamps of a front and a trail of a logic signal. Since dif-
ferent channels have different delays and the probabil-
ity of measuring individual logic swings is not 100%, it
is necessary to implement a algorithm for matching
front–trail pairs in the data analysis. This procedure
has been implemented in the CbmTrb Edge Matcher
task class that is located in the pipeline after the
unpacking and is actually executed after applying all
calibrations.

A message buffer was created for each input chan-
nel, This buffer was filled with objects containing
information about fronts as they arrived. Further, as
soon as a trail came, a front with the closest timestamp
was selected from the buffer within a preset permissi-
ble time window. The time over threshold (ToT) is the
parameter of a hit that indicates the signal amplitude.
It is calculated as the difference of the timestamps of
the trail and the front in the matched pair.
INSTRUMENTS AND EX
Since the corresponding paired front or trail is
sometimes absent, the buffer is filled gradually, and it
must be cleared to avoid overflow. If there is no candi-
date front in the buffer for the arriving trail, this means
that the front has not been recorded. In this case, this
trail is discarded. The number of fronts and trails that
are not found depends strongly on the loading of the
input channel, which in turn depends on the discrim-
inator threshold. At a low threshold, high-frequency
electronic noise is recorded, which leads to a huge
flow of output messages that cannot be transmitted
due to the limited capacity of the output section in the
readout system.

It is possible to accept single fronts as hits, but
practice has shown that this makes no sense, since in
normal mode, the unidentified pairs are mainly due to
TDC errors, and the proportion of such messages is
negligible, less than 2 × 10–4.

5.5. Event Construction
Data are received in portions called “the DAQ

events,” which are in no way associated with real
events. To generate correct input information for
reconstruction and further analysis of data, it is neces-
sary to perform a procedure for constructing an event,
which was described in detail in [45].

5.6. Reconstruction
In the CBM experiment with the RICH detector,

reconstruction means the search for rings by hits in the
reconstruction plane. In the context of reconstruc-
tion, a hit may be considered as an excited MAPMT
pixel. After focusing by mirrors, a cone of Cherenkov
photons intersects the surface of the photosensitive
chamber, which in general may consist of several
PERIMENTAL TECHNIQUES  Vol. 61  No. 3  2018
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Fig. 8. The distribution of the difference in timestamps of
the fronts corresponding to photons from a single laser
pulse recorded in a prescribed pair of channels.
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planes. The first stage of reconstruction is the transla-
tion of hits from the chamber planes to the reconstruc-
tion plane. Then, rings are searched for by hits. In
CbmRoot, there are several algorithms for finding
rings. A matter of the greatest practical interest is the
algorithm for recognizing Cherenkov radiation rings
based on the Hough transform and described in [47,
48]. The implementation of this algorithm was spe-
cially adapted to beam test data in which one ring per
event is expected. This algorithm is implemented in
the CbmRichProtRingFinderHoughImpl class,
inherited from CbmRichProtRingFinderHough and,
further, from CbmRichRingFinder. After this, the
parameters of the ring are determined and particle
tracks are reconstructed using information from other
detectors.

6. RESULTS
6.1. Testing of the Data-Acquisition System

Using the FLIB

A significant part of the data was collected in parallel
by the two data-acquisition systems. The byte-by-byte
comparison of the unpacking results from both streams
was performed. No discrepancies were revealed in an
array of approximately 107. Therefore, the efficiency of
the concept for forming time intervals and inputting
data into a computer using the FLIB has been demon-
strated. The results in the following sections are based
on data received through a standard network interface
using the software based on the DABC [29].

6.2. Determination of the Inter-channel
Delay Corrections

A typical histogram of the difference in the time-
stamps of the fronts corresponding to photons from a
single laser pulse, which were detected in a prescribed
pair of channels, is shown in Fig. 8. Such histograms
help to determine the position of the peak and, hence,
introduce a delay correction. Note that an uncor-
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related drift of approximately 0.5 ns in observed for
individual values of the delays obtained in such a way
that it makes a significant contribution to the time res-
olution of the readout system (see Subsection 6.3).

The additivity of delays is also observed; i.e., the
delay in the ith channel relative to the reference chan-
nel can be obtained with an accuracy of at least 400 ps
as the sum of the delay in the jth channel relative to the
reference channel and the delay in the ith channel rel-
ative to the jth channel. For some channel pairs, the
histogram is different from the one shown in Fig. 8;
e.g., see Fig. 9. A similar distribution can be obtained
if one of the two channels is defective in the sense that
an excited or induced oscillation signal is mixed to the
front of the logic signal. This hypothesis is confirmed
by the fact that the histogram shape depends on the
discriminator threshold on the PADIWA board. When
constructing a similar histogram for a pair of defective
channels, as many as five peaks are observed in the
histogram. Further investigation was conducted with
the exclusion of defective channels. The share of
defective channels is approximately 10% of the total
number of channels. In developing the next version of
the front-end electronics for the RICH detector of the
CBM experiment, special attention will be paid to the
electromagnetic cleanliness of the channels and histo-
grams similar to those discussed in this section will be
used as a diagnostic tool.

6.3. The Time Resolution

In the performed beam tests, there are two types of
events in which several simultaneously emitted pho-
tons are detected. The first type is a laser pulse, whose
duration is ~40 ps, i.e., smaller by an order of magni-
tude than the spread in the signal transit time through
the MAPMT. The second type is a Cherenkov ring.
The spread of the arrival time of photons at an
MAPMT may reach 100 ps for rings and 70 ps for laser
pulses, which is determined primarily by the slope of
the plane in which the photocathodes are located.
Analysis of such events allows us to characterize the
time resolution of the entire readout system, starting
with the entrance window of the MAPMT and ending
with the production of timestamps.

The time resolution of one channel is determined
by the spread of the recorded timestamps relative to
the photon-arrival time in repeated measurements.
Since the fine time of photon arrival cannot be mea-
sured, we must investigate the spread in the differences
of timestamps in a pair of channels when detecting
simultaneously arriving photons.

The timestamps in each channel are subject to
independent f luctuations according to the same law;
therefore, the measured distribution width will be 
times greater than the time resolution of each channel.
After applying delay corrections and calibrating the
fine time in two channels, none of which is defective,

2
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Fig. 9. The distributions similar to those shown in Fig. 8 provided that one of the channels is defective.
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a distribution similar to the distribution shown in Fig. 8 is
obtained; it differs only in that the peak center is at
zero.

The full width at the half-maximum (FWHM) of
this distribution is 750 ps, which corresponds to a time
resolution of 530 ps. This value exceeds the spread of
signal transit times in an MAPMT by approximately
two times. The discrepancy can be explained by two
comparable contributions: the drift of the delays in the
channels and the absence of a correction of the thresh-
old-crossing time depending on the signal amplitude.
To perform such a correction, a reliable measurement
of the time over the threshold is required, which in our
case is impossible (see Subsection 6.5).

In order to characterize the time resolution of the
entire system, in addition to analyzing channel pairs,
physically simultaneous signals were studied on the
following sets of channels: (i) up to 16 channels read by
a single PADIWA board; (ii) up to 64 channels belong-
ing to one MAPMT; and (iii) up to 256 channels
belonging to four adjacent MAPMTs. In each case,
after correcting the delays and calibrating the fine
time, all hits belonging to one event were selected and
INSTRUMENTS AND EX

Fig. 10. The distributions similar to those shown in Fig. 8, corr
channels.
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histograms of the timestamp difference were con-
structed for all possible channel pairs (Fig. 10).

Since a Cherenkov ring focused at a region of four
adjacent MAPMTs is projected onto only a fraction of
the pixels, the actual number of investigated channels
is different in the case of Cherenkov rings. The table
shows how the rms deviation and FWHM evolves
depending on the number of channels. Note that the
rms deviation varies only slightly, and the FWHM
increases with the number of channels. At the same
time, the distribution takes a form that is closer to the
Gaussian distribution.

Similar distributions were also constructed for the
case when the WLS was applied to the MAPMTs.
The results are also displayed in Fig. 10 and in Table 1.
In some cases, the maxima are shifted from zero
within 100 ps, which is due to the difference in the
light path to different pixels.

6.4. Investigation of the WLS Emission Profile

An analysis of the time distribution of hits belong-
ing to a single Cherenkov ring makes it possible to
PERIMENTAL TECHNIQUES  Vol. 61  No. 3  2018
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Table 1. The FWHM and RMS for the distributions of timestamp differences for different sets of studied channels

Note: WLS is the wavelength shifter.

Analyzed region Pair of channels PADIWA board One MAPMT Four MAPMTs

Number of channels 2 14 39 131
FWHM (rings, without the WLS), ns 0.40 0.60 0.80 1.05
RMS (rings, without the WLS), ns 0.66 0.58 0.62 0.79
FWHM (rings, with the WLS), ns 0.55 0.75 0.95 1.25
RMS (rings, with the WLS), ns 1.48 1.35 1.35 1.47
FWHM (laser), ns 0.7 1.05 1.30 1.55
RMS (laser), ns 0.83 0.79 0.85 1.04

Fig. 11. The measured distributions that correspond to the
decay curves (1) with and (2) without the WLS.
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study the timing properties of the WLS. We must ana-
lyze the distribution of the differences of hit time-
stamps in each ring with respect to the hit that was the
first in time in a certain ring. Depending on the wave-
length, a Cherenkov photon, with some degree of
probability, can either be absorbed by the WLS and
cause its luminescence or pass through the WLS layer
without interaction and hit the photocathode.

As a result, even in the presence of a WLS layer,
some of the hits obey the time dependence that is
characteristic of a pure PMT. Thus, in order to obtain
the WLS luminescence curve, it is necessary that the
time-differences distribution obtained with the pure
PMT and properly normalized at the maximum be
subtracted from the time-differences distribution of
obtained with the WLS.

The luminescence curves with and without the
WLS, after being normalized at the maximum, are
shown in Fig. 11; the difference of these distributions
is shown in Fig. 12. It can be seen that the curve looks
like the sum of several exponentials, with the excep-
tion of a small convexity in the region of 7 ns, which is
associated with the peculiarities of operation of this
MAPMT family.

This convexity makes it impossible to reliably deter-
mine the characteristic luminescence times. It is interest-
ing, however, to compare the obtained curve with the
results of fluorometric studies. A glass plate with a WLS
layer applied in exactly the same way as on the MAPMTs
was investigated using the classical method of photon
counting upon excitation by light with a wavelength of
280 nm. The decay times were 1.4, 3.8, and 45 ns, and
the corresponding relative intensities of the compo-
nents were 1.8996, 1.0000, and 0.8364.

Fitting the curve in Fig. 12 by the sum of three
exponentials with the respective times shows reason-
able agreement for times exceeding 5 ns. The initial
segment is fitted better at τ1 = 1.1 ns. Comparison of
the intensities of the fastest component with the f luo-
rometric measurements is difficult due to the initial
non-exponential segment and the relative contribu-
tion of the slowest component to the total intensity in
our case is lower by a factor of 3.8. This can be
explained by the influence of the excitation method on
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the population of the centers of excitation of different
types.

In the limit of a large number of hits in a ring, the
method we used goes over into the standard method
for studying f luorescence by counting single photons
[49]. However, in our case, there is a random delay
between the moment when a Cherenkov photon hits
the MAPMT surface and the arrival time of the first
hit. A Monte Carlo simulation was performed to deter-
mine the effect of the method on measured decay
times.

The model included a 300-ps (rms) spread of the
avalanche transit times in the MAPMT, three expo-
nential components with characteristic times of 1.4,
3.8, and 45 ns and relative intensities of 2.17, 1.00, and
0.22, and the average number of hits in the ring equal
to 18. The resulting time distribution relative to the
first hit in the ring was fitted by three exponents with
free parameters. If we start fitting the resulting depen-
dence after 4 ns from the start of the luminescence, the
decay constants of the exponents are reproduced with
an accuracy better than 5%, while the corresponding
relative intensities are somewhat distorted, which is
natural due to the existence of the initial non-expo-
nential segment of the curve. Thus, the correctness of
the method used to determine the decay times has
been verified.

The practical value of our study lies in the feasibil-
ity of optimizing the duration of the window within
which hits are accepted as simultaneous and can be
 Vol. 61  No. 3  2018
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Fig. 12. The difference of the distributions with the WLS
and without it; the curve is the fit of the distribution by the
sum of three exponentials.
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Fig. 13. The typical ToT distribution.
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attributed to one event. To do this, it is necessary to
find a balance between the number of additional hits
obtained due to the WLS and the probability of signals
overlapping or picking a dark hit up into the ring. As an
example, a 19% increase in hits can be achieved with a
window length of 15 ns.

6.5. The Time over a Threshold
The time over threshold (ToT) is a parameter of a

found hit, which contains information about the
amplitude of the recorded signal during normal oper-
ation. In the readout and data-acquisition system of
the RICH detector for the CBM experiment, the ToT
parameter can be used to improve the time resolution
by correcting the threshold-crossing time in view of
the walk correction, as well as to improve the quality of
separation of the single-photoelectron signal from
noise.

Figure 13 shows the typical ToT distribution mea-
sured with a laser in the laboratory. Contrary to expec-
tations, this distribution has several peaks. Such a
structure, according to [50], can be explained by the
presence of periodic noise pickup both at the input of
the discriminator, and between the discriminator out-
put and the TDC input. Figure 14 shows the digital
oscilloscope screen in the mode of acquisition of sig-
nals obtained by connecting the active probe to the
PADIWA output.

It can be seen that (i) the signal thickening corre-
sponds to the observed peaks in the ToT distribution;
(ii) the problem occurs that the amplitude of a single-
electron signal is insufficient for stable generation of
logical unity; (iii) periodic noise pickup occurs at the
output of the discriminator, but it is not enough to
explain the observed picture; and (iv) the predomi-
nance of certain durations of logical signals allows us
to assume the presence of a periodic structure in the
input signal.

All these facts reveal the need to adjust the analog
part to form a cleaner signal with a larger amplitude at
the PADIWA input and to protect the connection
between the discriminator and the TDC from the
interference. Such changes will be made, taking the
INSTRUMENTS AND EX
results of this work into account, in the next prototype
of the front-end electronics board, which will be called
DIRICH [28].

Note that, in the case of the RICH detector for the
CBM experiment, these problems are not critical and
the parameters shown in this paper are sufficient for a
confident search for rings. Nevertheless, improving
the separation of signals and noise and increasing the
detection efficiency will help to create the necessary
margin of safety for long-term operation of the detec-
tor under gradual degradation of the optical properties
of the radiator, mirrors, and photodetectors.

6.6. Comparison of Single-Electron Spectra
for Timing and Amplitude Readout

As noted in Section 2, an H12700 MAPMT has
features that can affect the detection efficiency for sin-
gle photoelectrons and the probability of false hits.
To reveal these features, the amplitude distributions
were measured using a multichannel board based on
the n-XYTER chip (see the description of the labora-
tory test setup in Subsection 4.2). The results of the
amplitude measurements were then compared to the
data obtained with the PADIWA board.

The amplitude measurements with a low threshold
demonstrated the presence of a discernible peak at
small amplitudes in the event spectrum correlated
with the light source. The measurements were also
made with a mask that opened only two pixels sepa-
rated by 2.5 cm. These measurements have made it
possible to establish that an event with a small ampli-
tude in one of the channels occurs when another pho-
toelectron with a sufficiently large amplitude was
detected in another channel in the same row of the
dynode system. Thus, for channels with low noise, the
amplitude spectrum of single-electron signals has the
form shown in Fig. 15.
PERIMENTAL TECHNIQUES  Vol. 61  No. 3  2018
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Fig. 14. The oscilloscope screen showing the PADIWA output signals recorded by their front. The right and left panels of the fig-
ure differ in the acquisition time.
A peak near zero corresponds to noise pickup
occurring in channels of the same row as the channel
where the single-electron signal was recorded. The
two-peak distribution on the right corresponds to real
single-electron signals. In this case, the left peak is related
to events described in Section 2, which correspond to the
deviation of the electron avalanche or its part from the
optimal path from one dynode to the other.

Note that, in most channels, the noise level is too
high to separate the low-amplitude peak associated
with the noise pickup from the single-electron signal.
Thus, an attempt to obtain the maximum detection
efficiency by lowering the threshold leads to an
increase in the number of parasitic hits localized on
pixels other than those where a photoelectron was pro-
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 

Fig. 15. An example of the measured single-electron spec-
trum, which has a special shape characteristic of an
H12700 MAPMT.
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duced. To reduce the number of parasitic hits, we set
the detection threshold in the hollow between the low-
and high-amplitude parts of the one-electron spec-
trum. Since the shapes of single-electron spectra in all
channels are similar, analysis of the spectrum shape in
Fig. 15 suggests that the selected threshold leads to a
loss of 12% of single-electron pulses.

One of the differences of the readout channel in the
PADIWA board is that it is much faster than the ana-
log part in n-XYTER. Although the n-XYTER board
form signals with an integration time of 190 ns, the
PADIWA board performs only the suppression of fre-
quencies higher than 100 MHz, which corresponds to
the characteristic pulse rise time of several nanosec-
onds. This difference leads to an increase in the role of
fast noises and pickups when recording signals using
PADIWA.

Information on the shape of the single-electron
spectrum when read out by a channel on the basis of
the PADIWA and TRB v3 boards can be obtained in
the form of the counting rate in events occurring near
the light pulse as a function of the detection threshold.
The use of the counter of recorded fronts, realized
directly in the TDC and mentioned in Subsection 3.1,
makes it possible to obtain a similar dependence at
maximum frequencies sufficient for the baseline local-
ization, but without selection of events around the
light pulse.

Figure 16 shows the dependence of the front-
recording rate on the detection threshold. The plateau
on the left corresponds to the single-electron spec-
trum, which is examined in more detail below. The
rapidly increasing boundaries around the vertical
dashed line limit the localization of the baseline. The
 Vol. 61  No. 3  2018
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Fig. 16. The dependence of the front-recording rate on the
detection threshold in the range including the baseline (the
dashed–dotted line).
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accuracy of baseline localization is estimated as ±100
counts on the scale used in Figs. 16, 17b, and 17d.

It has been established that the measured counting
rate obtained with the counter and from the analysis of
the data stream coincide if the system of data acquisi-
tion and transmission copes with the transmission of
the message stream with timestamps.

It is interesting to compare the dependence of the
counting rate on the threshold when using two readout
systems and the same exposure conditions. The results
of such a comparison for one of the typical channels
are shown in Fig. 17. In the case of the n-XYTER
board, the single-electron spectrum integral shown in
Fig. 17c can be used for this comparison. Therefore,
the derivative of the above dependence obtained with
the PADIWA board can be compared with the single-
electron spectrum obtained with the help of the n-
XYTER board (see Fig. 17a). The solid line in Fig. 17b
was obtained by differentiating the curve shown by the
solid line in Fig. 17d and obtained by fitting the mea-
sured dependence with a polynomial of the seventh
degree. We note that according to our estimates the
light f luxes in measurements with two readout systems
coincide with an accuracy of ±5%. It can be seen that
the counting rates in the regions of the hollow and the
maximum in the single-electron spectrum approxi-
mately coincide.
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Fig. 17. (a) The single-electron spectrum measured directly with
derived from the readout system based on the PADIWA and TRB
(d) the dependence of the counting rate on the discriminator th
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The ratio of the amplitudes corresponding to the
maximum and the hollow is 2.6 in both cases. In the
case of the PADIWA board, on the one hand, the hol-
low is more pronounced, and on the other, there is an
excess of counts at small amplitudes, which implies a
greater relative contribution of interference and, there-
fore, the impossibility of separating the low-amplitude
part of the one-electron spectrum from them and the
inexpediency of increasing the efficiency by setting the
threshold below the hollow.
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7. CONCLUSIONS
The properties of the prototype of the readout and

data-acquisition system of the RICH detector for the
CBM experiment have been investigated. The 64-
channel module that consists of H12700 MAPMTs,
four PADIWA preamplifier boards, and one TRB v3
board and performs the functions of the TDC and data
concentrator is described in detail. The software modules
necessary for operation of the prototype are described.
The procedure for calibrating inter-channel delays and
the stability of obtained delays are considered. The drift
of individual delays does not exceed 0.5 ns for the entire
measurement time.

The possibility of using the “time over threshold”
(ToT) spectra for selecting correct hits and correcting
the time reference is considered. It is revealed that the
ToT spectrum has a multi-peak structure due to peri-
odic noise pickups. This prevents the use of this
parameter in the analysis. The detected circuitry faults
will be eliminated in the next version of the readout
electronics boards.

The time properties of the WLS and its effect on
the detection efficiency for Cherenkov rings are inves-
tigated. The most-intense fast component is charac-
terized by a decay time of 1.1 ns; nevertheless, there are
also components with characteristic times of 3.8 and
45 ns. Comparison is made between the slow analog
and the fast timing readouts of the MAPMT are com-
pared.

It has been revealed that the features in the single-
electron spectrum are displayed in the way in which
the photoelectron detection efficiency and the proba-
bility of the appearance of false hits depend on the dis-
criminator threshold. The time resolution of the entire
readout channel for different sets of channels (from
one pair to 131) has been studied. The worst value
obtained is 1.1 ns (FWHM), which is primarily deter-
mined by the absence of timestamp correction
depending on the signal amplitude and the drift of the
inter-channel delays. The results obtained are suffi-
cient to using the investigated system of readout and
data acquisition in the CBM experiment, but the elim-
ination of the identified shortcomings will help to cre-
ate the efficiency margin and increase the reliability of
the system in long-term operation.
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