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2. Scientific report on the Theme / LRIP
2.1. Annotation

NUCLOTRON-NICA

The results of the implementation of the Nuclotron–NICA project obtained for the period 2011-2020 were presented at the PAC for Particle Physics on January 18, 2020. The project was extended for the period from 2021 to 2023. This report presents the results obtained for the period from 2021 to the beginning of 2023. 
During this period, three runs at the accelerator complex (the second, third and fourth commissioning cycles) were carried out with a total duration of approximately 5800 hours. He, C, Fe, Ar, and Xe ions were accelerated to a maximum energy of about 3.9 GeV/n. The project team worked out the conditions of joint operation of all the elements of the collider’s heavy-ion injection chain: the heavy ion source, the Booster, the Nuclotron and the corresponding beam transport channels. The power supply system and the vacuum system of the extracted beam channel in the experimental hall were upgraded. Experiments were performed under SRC, BM@N, and ARIADNA programmes. 
All the structural magnets of the collider arches are manufactured, installed and adjusted in the tunnel. The production and testing of the remaining elements of the cryomagnetic system is in the final stage. The elements of the collider’s RF system, the beam transport channel from the Nuclotron to the collider, and the power supply of the collider’s structural magnets were manufactured and delivered to JINR. Elements of the collider's electron cooling system are being transported to JINR. 
As a result of the development of the cryogenic complex, the joint operation of two superconducting accelerators was ensured. The installation of the cryogenic support system of the collider is underway, and work has begun on the commissioning of a new compressor station.

BM@N

The BM@N Collaboration presented physics results of the experiment in the paper “Production of π+ and K+ mesons in 3.2 A GeV argon-nucleus interactions at the Nuclotron”. The construction of the BM@N detectors with full acceptance completed. The physics run was performed at BM@N to take data on the 124Xe54 ion beam and the CsI target (2% of interactions). The team collected 507 million events with the Xe beam at 3.8 A GeV and 48 million events with the Xe energy of 3.0 A GeV.

MPD

The MPD experiment at the NICA collider is designed to study collisions of relativistic heavy nuclei in the energy range  = 4-11 GeV. The physics programme of the experiment is aimed at studying the structure of the phase diagram of strongly interacting matter in the region of moderate temperatures and high baryon densities exceeding the density of ordinary nuclear matter by 5-8 times. At the same time, much attention is also paid to the search for parton degrees of freedom and critical signatures in the system produced using various physics observables. To perform these studies, the detectors of the facility have to ensure the effective identification of nuclear collision products and measurement of their parameters at high loads in a wide range of phase space.
	The development of the experiment’s physics programme, the simulation of nuclear collisions and the responses of the detector subsystems of the experimental facility, the development of methods and software infrastructure for the physics analysis of the first experimental data, the determination of the capabilities and limits of the experimental facility for measuring various physics signals were carried out by the MPD International Collaboration, the main impetus in which are JINR employees and associated personnel.

SPD

The Spin Physics Detector (SPD) Collaboration proposes to install a universal detector at one of the collision points of the NICA collider beams to study the spin structure of the proton and deuteron, as well as other spin-dependent phenomena with polarized proton and deuteron beams at a collision energy up to 27 GeV and luminosity up to 1032 cm-2 s-1. In polarized proton-proton collisions, the SPD experiment at NICA will cover the kinematic gap between low-energy measurements at ANKE-COSY and SATURNE and high-energy measurements at the Relativistic Heavy Ion Collider (RHIC), as well as planned fixed-target experiments at the LHC. The capability of NICA to operate with polarized deuteron beams at such energies is unique.


[bookmark: _Hlk131065749]ARIADNA

The NICA Complex project provides for the construction of specialized experimental zones for applied research using accelerated charged particle beams with various physics parameters. The formulation of a scientific programme for applied research using the unique capabilities of the accelerator complex being constructed, as well as the formation of ARIADNA collaborations at the NICA complex are of particular importance. During 2022-2023, the main areas of work within ARIADNA were the preparation and conduct of joint experiments using the infrastructure of the NICA complex, the implementation of necessary preparatory R&D, organizational activities for establishing international collaborations, the elaboration of elements of auxiliary user infrastructure around the channels under construction for applied research.

2.2. A detailed scientific report

2.2.1. A description of the work carried out and the results obtained for all projects and activities of the theme.

NUCLOTRON-NICA

On September 6-24, the Booster operation run (the second commissioning cycle at the NICA complex) was held. The total run duration was 450 hours. The following results were obtained with acceleration of He+ and Fe14+ ion beams:
· the linear accelerator HILAc and the beam transport channel to the Booster were tuned to generate Fe14+ beams,
· the adiabatic capture of the beam in acceleration was performed at the 5th harmonics of the acceleration field,
· the beam was recaptured into the 1st harmonics at an energy of 65 MeV/nucleon,
· the iron ion beam was accelerated to the design energy of 578 MeV/nucleon,
· the orbit bump system was tuned at the beam extraction,
· the systems for the beam extraction from the Booster and the transport line to the Nuclotron were put into operation and adjusted,
· the helium beam and then the iron 56Fe14+ beam were transported through the beam transport channel,
· vacuum conditions in the ring were significantly improved and the required parameters for the acceleration of heavy ions were achieved,
· the beam cooling was performed with 56Fe14+ ions at the injection energy,
· work continued on the development of diagnostic systems, the operation of the frequency meter for betatron oscillations was tested.
Work continued on increasing the current of the polarized deuteron and proton beam at the output of the SPI source. To date, it has been possible to obtain polarized deuteron beams at the output of the source with a current of up to 6 mA. The development of a new linear accelerator for protons and deuterons (LILAC) was completed. High-power RF amplifiers were manufactured and delivered to JINR, and the production of accelerating structures has begun. A prototype of a SC half-wave resonator was developed and its production has begun.
The elements of the beam injection system from the Booster into the Nuclotron were manufactured, and their testing is being completed. The equipment for the beam transport channel from the Nuclotron to the collider is manufactured by the French company SigmaPhi. The first delivery of equipment (dipole and quadrupole magnets) was in March 2021. As of November 2021, the equipment of most subsystems was manufactured and was awaiting delivery to JINR. The exceptions are part of the power sources and scintillating-fiber profilometers.
From January 2 to April 1, 2022, the third commissioning cycle was performed at the NICA complex with acceleration of carbon ions produced by the laser source.
The following work was carried out sequentially:
· tuning of the Booster cycle, including adiabatic capture at injection (5 harmonics), recapture at 65 MeV/n (1 harmonics) and acceleration to an energy of 263 MeV/n; the intensity of the accelerated 12C4+ ion beam was equal to 3109 particles, 
· single-turn beam extraction from the Booster, tuning of the Booster-Nuclotron transport channel with stripping of C4+ ions to C6+,
· commissioning of the new injection kicker and Lambertson magnet, tuning of the beam injection system from the Booster into the Nuclotron,
· adiabatic capture of the beam injected from the Booster into the Nuclotron at the 5th harmonics, its acceleration to an energy of 2.8 Gev/n; the achieved transfer efficiency of the beam at acceleration from the ion source to the Nuclotron output was about 25%, 
· stable slow extraction during 6 s, 
· launch of new power supply, diagnostic and control systems of the beam transport channel to the BM@N zone, 
· stable operation of the complex for the SRC experiment for 24 days.

From September 20, 2022 to February 2, 2023, the fourth commissioning cycle was held, aimed at accelerating Ar and Xe ion beams from the KRION-6T source. The following work was performed during the run:
· optimization of KRION-6T together with HILAc for producing and accelerating Ar and Xe ions with different charges,
· testing of the Station Of CHip Irradiation (SOCHI) with Ar12+ ion beams; the ion beam with a diameter of 100 mm was produced with homogeneity of dose distribution higher than 10% on a 2020 mm chip. The microchips XC6SLX16 were irradiated, and the cross section of single event effects (SEE) was 1.910-2cm-2 at an ion fluence of 3.5104 ion/cm2,
· tuning of the Booster for Ar12+ and 142Xe28+ beam acceleration; dynamic correction of the beam orbit during the entire acceleration cycle; the intensity of the accelerated 142Xe28+ beam was about 2107 particles, 
· sequential testing of two stripping targets made of copper and titanium; the Booster-Nuclotron transport channel was optimized for transporting fully stripped Xe54+ ions, 
· beam circulation in the Nuclotron ring was obtained,
· [bookmark: _Hlk124710432]the beam was accelerated at the 4th harmonics of accelerating RF voltage to an energy of about 4 GeV/n, the intensity of the accelerated 142Xe54+ beam was up to 1107 particles,
· slow extraction of the beam during 2 s (Fig. 1),
· irradiation of emulsions was carried out according to the BECQUEREL project,
· calibration of the new diagnostic system was performed; the vacuum system of the extracted beam channel was installed,
· the beam was transported to the BM@N zone, its intensity was up to 5105 according to BM@N triggers, which meets the requirements of the experiment,
· studies were performed under the BM@N programme at energies 3.9 and 3 GeV/n, 
· experiments were conducted on electron cooling of the 142Xe28+ beam in the Booster at an injection energy.
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[bookmark: _Hlk124710543]Fig. 1. Extraction time of the 142Xe54+ beam.

Manufacturing of equipment for the beam transport channel from the Nuclotron into the collider is being performed by the French company SigmaPhi. The equipment of most subsystems is produced: part of it was delivered to JINR, and another part is stored in SigmaPhi.  The exceptions are part of the power supply equipment, profilometers made of scintillation fiber, monitoring and control systems for channel equipment. Negotiations on their delivery are actively ongoing.
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Fig. 2. Dipole magnets installed inside the collider’s tunnel.
All arc dipole magnets of the collider are installed and adjusted inside the tunnel (Fig. 2), the production and testing of other magnets are in the final stage. Installation work was suspended until the completion of the building engineering infrastructure located in the main premises. 
Renovations of the Measurement hall for applied research are in progress. To coordinate the activities within the ARIADNA Collaboration, Applied Research and Innovation Committee (NICA ARIC) was established. The Committee includes internationally recognised scientists in the fields of research related to the purpose of the channels and irradiation stations being constructed. NICA ARIC is aimed at facilitating the development of a scientific and technical policy for the implementation of applied research at ARIADNA channels, as well as expert evaluation of user proposals for conducting experiments. As part of the fourth commissioning run, within the operation of the BM@N facility, specialists successively studied protective properties, radiation resistance and radiation modification of new composite materials for the space industry - radiation modifications in sapphires (Al2O3), PTFE, PET, PE and PI films. HTSP tapes were irradiated in order to study the possibility of increasing the critical current. Within the framework of the programme “PLANTS AND VEGETATION IN SPACE", 16 containers with mustard, lettuce, dill and indau (arugula) seeds were irradiated. Activation analysis of materials under irradiation with relativistic heavy ions was carried out. Thermoradiationally modified polytetrafluoroethylene (TRM-PTFE) films were irradiated with xenon ions at the SOCHI station.

BM@N

The BM@N facility with full acceptance of detectors has been completed (Fig. 3). The facility’s configuration includes the following tracking detectors: Forward Silicon tracking detectors (4 stations), GEM (Gaseous Electron Multiplier) detectors located in the analyzing magnet (7 stations), Cathode Strip Chambers (CSC), time-of-flight systems (TOF-400 and TOF-700), Silicon Tracking System, trigger detectors, a hadron calorimeter ZDC (FHCal) and scintillator hodoscopes for measuring the centrality in nucleus-nucleus collisions (Fig. 4). The important element of the facility is the carbon fiber vacuum ion beam pipe. The trigger and DAQ systems provide recording of 10 thousand interactions per second.
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Fig. 3. Full configuration of the BM@N facility.
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Fig. 4. BM@N tracking detectors installed inside the analyzing magnet.


In December 2022 – February 2023, a physics run was carried out at the BM@N facility to take data on the 124Xe54 ion beam and the CsI target (2% of interactions). The team collected 507 million events with the Xe beam at 3.8 A GeV and 48 million events with the Xe energy of 3.0 A GeV. (Fig. 5).


[image: ]
Fig. 5. Integral statistics of obtained Xe+CsI interactions during the physics run of the BM@N experiment.

The 124Xe54 ion beam was accelerated at the Booster-Nuclotron and transported to BM@N through a newly constructed vacuum ion beam pipe. The beam had the following parameters: cycle duration – 12 s; spill duration – 2.2 s at an energy of 3.8 A GeV, 3.5 s at an energy of 3.0 A GeV. The BM@N experiment recorded up to 900 thousand ions at 3.8 A GeV and 1.3 million ions at 3.0 A GeV per spill. The trigger and DAQ systems recorded up to 10 thousand nucleus-nucleus interactions per spill. During the run, data quality was monitored: particle tracks and interaction vertex were reconstructed (Fig. 6,7,8).
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Fig. 6. Online identification of charged pions, protons and deuterons in the ToF-700 system in Xe+CsI interactions. Particle velocity distribution β=v/c depending on the particle momentum.
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Fig. 7. Signals of decays Λ → pπ hyperons and К0s → π+π mesons reconstructed in the effective mass spectra in Xe+CsI interactions.
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Fig. 8. Distribution of classes according to the centrality of interactions in the distribution of amplitudes of Z2 in the beam hodoscope depending on the Edep energy in the forward calorimeter ZDC (FHCal).

The physics analysis of experimental data obtained in the argon ion beam with an energy of 3.2 A GeV is carried out. According to the time-of-flight system, charged pions, kaons, protons, deuterons, tritons and fragments He3, He4 were identified. The BM@N Collaboration prepared a paper on the results of the physics run: “Production of π+ and K+ mesons in argon-nucleus interactions at 3.2 A GeV” (Fig. 9, 10, 11).
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Fig. 9. М2spectra of positive particles produced in argon-nucleus interactions and measured in the ToF-400 and ToF-700 detectors.
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Fig. 10. Rapidity spectra (y) of π+and K+ mesons produced in Ar+Sn interactions at an argon beam kinetic energy of 3.2 A GeV. The predictions of models UrQMD, PHSD, DCM-SMM are also shown.
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Fig. 11. Rapidity (y) dependence of the inverse slope T0 extracted from π+and K+ mesons produced in Ar+Sn interactions. The predictions of models UrQMD, PHSD, DCM-SMM are also shown.

MPD

In 2021-2022, the MPD Collaboration was presented at all major conferences on the subject of the experiment, including Quark Matter, ICHEP, EuNPC, ICPPA, Nucleus and others. On average, more than 25 plenary and parallel reports are presented on behalf of the Collaboration at various conferences per year. The topics of the reports cover both the development and construction of detectors and the implementation of the physics programme of the experiment. This allows maintaining a high interest in the theme of NICA-MPD in the expert community, as well as to present and discuss the results obtained, including by young employees.
The total number of Collaboration’s publications for 2021-2022 exceeds 78 papers, mainly based on the materials of the speeches of the Collaboration members given at international conferences. Figure 12 shows the number of papers published on MPD by years. The figure shows a definite surge in the number of papers published in 2019-2021 due to the targeted financing of the participation of Russian research groups in work on NICA-MPD within the framework of the RFBR grant programme. In 2022, limited support for the participation of young employees of Russian groups was provided in the form of JINR grants. Based on the results of the work carried out, the first Collaboration paper was published in the European Physical Journal A (EPJ A) in 2022. This paper, which exceeds 50 pages in volume, presents the current status of the construction of the MPD experimental facility, as well as selected results of physics analyses in order to demonstrate the possibilities for implementing the physics experiment programme. The image of the MPD experimental facility was selected as the cover of the corresponding issue of the journal as shown in Fig. 12.
	(a)
	(b)
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Fig. 12. The number of papers published on MPD by years (а). 
The first Collaboration paper published in EPJ A (b).


In 2022, the MPD Collaboration changed the format of meetings of Physics Working groups to discuss the results and methods of physics analyses in order to combine them. This was done to increase attendance and improve communication between different groups of physicists, so that analyses were performed using centralized methodology, and new ideas and achievements were easier and faster to spread. After the first Collaboration paper was published, it also became clear that in order to realistically assess the capabilities of the MPD facility in the first years of its operation with the beam, determine priorities for various physics analyses, develop and test realistic data analysis techniques, as well as search for leaders in relevant research areas, it is necessary to move on to creating large centralized samples of simulated data, and also use unified methods for determining the global characteristics of nuclear collisions. During 2022, several data samples were generated corresponding to Bi+Bi collisions at an energy   = 9.2 GeV. The simulation used a realistic distribution of events by the interaction vertex along the beam axis (~ 50 cm), the most realistic event generators (UrQMD, DCM-QGSM-SMM, PHSD, PHQMD) and the latest version of the MpdRoot software for simulating the passage of particles through the detector material and the responses of the readout channels of detector subsystem electronics. The generated data samples correspond to 20-50 M of nuclear collisions and are comparable in size to the first expected experimental data with the beam. The creation and processing of such data arrays allows checking and optimizing the existing computing and software infrastructure, mechanisms of interaction between physicists, code developers and administrators of computer clusters, and also allows developing realistic methods of data analysis. Computer resources of JINR (LIT and VBLHEP), as well as of institutes participating in the Collaboration, were used to create simulated data samples. The main resource for processing simulation results is the NICA cluster in VBLHEP.
Since processing large amounts of data requires considerable resources, the Collaboration began using a centralized data analysis structure in 2022. In addition to more efficient planning and use of available resources, this makes it possible to provide consistent approaches to data analysis and determination of global parameters of nuclear collisions (centrality, reaction plane, trigger system efficiency, etc.), simplify the storage and sharing of program codes and data analysis methods. The system currently being created groups physics analyses into so-called “trains”, in which all analyses will be performed in parallel with a single access to data. This can significantly reduce the number of I/O operations and simplify the organization of data storage. The new data processing system already exists in the form of code and is part of MpdRoot. Currently, user codes are being adapted and translated to a centralized format for performing physics analyses.
Despite the difficulties encountered, the MPD Collaboration continued to develop and optimize its functioning regulations in 2021-2022 in order to solve the main task - launching the detector and proceeding to the accumulation and processing of the first experimental data in 2024.
Large samples of simulated data for the MPD detector were obtained, corresponding to Bi+Bi collisions at an energy of 9.2 GeV, Au+Au collisions in the energy range of 4-11 GeV using JINR computer resources (LIT and VBLHEP), as well as resources of institutes participating in the Collaboration. The generated data samples by their size (~20-50 million events) and settings correspond to the first expected real data with the beam. With generated data samples:

· efficiency of the MPD trigger system was estimated depending on the centrality of nuclear collisions; algorithms of the trigger system were optimized to increase its efficiency. It was shown that the trigger system developed on the basis of FFD and FHCal can provide an 85-95% efficiency in the selection of collisions of heavy nuclei (trigger) in the energy range 4-11 GeV. Methods were developed and tested to determine the reaction plane of nuclear collisions using FFD and FHCal detectors. The compliance of the parameters of these detectors with the requirements for measuring collective flows of light hadrons, global polarization of hyperons and vector mesons was presented.
· methods were developed for determining the centrality of nuclear collisions by measuring the multiplicity of charged particles in the TPC subsystem and/or total energy release in the hadron calorimeter (FHCal). The use of the TPC subsystem makes it possible to determine the centrality of collisions in the range of 0-91% in nuclear collisions at the maximum energies of the NICA collider 9-11 GeV. The FHCal detector allows measuring centrality in a larger range of values, but with a noticeably worse impact parameter resolution.
· original methods of data analysis were developed and program codes were written in MpdRoot to measure various physics signals such as differential spectra of the production of the light hadrons (0, ±, K±, , p, , , , ), short-lived resonances ((770)0, K*(892)0, K*(892) ±, (1020), (1385) ±, (1520), (1530)0), light nuclei (d, t, 3He, 4He, ), the dielectric continuum; flows v1, v2 and v3 for charged particles and identified hadrons (±,p, , , ,) depending on the transverse momentum of particles and the centrality of nuclear collisions; global polarization for  and  hyperons in semi-central nuclear collisions, search for critical fluctuations in multiplicity distributions for (p - ) and (K+ - K-) in the most central collisions, etc.

The Time-Projection Chamber (TPC) is the main tracking detector of MPD. Currently, the main elements of the TPC body are assembled, namely, four cylinders, TPC flanges (2 pcs), TPC service support wheels (2 pcs), and a high-voltage membrane is tested (Fig. 13). The assembly of the TPC body and the HV electrode is scheduled to be completed in June 2023.
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	1. The TPC body assembly.
	(b) Two flanges with the HV electrode on support racks.
	
	(c) A service support wheel with thermal panels (12 pcs).



Fig. 13. TPC elements.

The Readout Chambers (ROCs) for the initial version of MPD are based on Multi-Wire Proportional Chambers (MWPCs) with cathode readout pads. The total number of readout pads for TPC is 95232. All 24 serial ROCs and 4 spare ones were produced, tested and are ready for installation onto TPC. A test bench for pad calibration and ROC testing is shown in Fig. 14.
	[image: ]
	[image: ]
	[image: IMG_20190415_161551.jpg]

	(a)  Serial ROCs (24 pcs) are ready to be installed.
	(b) A test bench for calibrating pads of ROCs. 
	(c) A measurement stand for testing ROCs.



Fig. 14. ROCs are tested and ready to be installed onto TPC (24 pcs).

A prototype of the GGS system was tested (see Fig. 15, a,b). The pulse rise time is about 500 ns (Fig. 15, c). The development of the GGS system was carried out at the Institute for Nuclear Problems, Belarusian State University (Minsk). The GGS system is in the production and testing stage and will be delivered to JINR at the end of 2023.
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	(a) A test bench for testing the GGS system.
	(b) A test bench for control of GGS system parameters.
	(c) The pulse form.



Fig. 15. A test bench for testing the GGS system.

Work has begun on installing the detector and TPC equipment into the MPD facility. On the first floor of the electronic platform there are cooling systems for TPC and ECAL, and on the 4th floor there are 8 racks for the rest of the TPC equipment (Fig. 16).
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Fig.16. Layout of TPC equipment on an electronic platform.

Specialized equipment for installing TPC into MPD has been developed and is under production in Minsk. It is planned to be delivered to JINR in October 2023.
	In 2021-2022, mass production of MRPCs and MPD TOF modules was carried out. The production and testing of the detectors was fully completed. By the end of 2022, 320 detectors out of 280 required were produced. 25 out of 28 TOF modules were assembled. In 2022, the production of equipment for the integration of TOF modules into MPD was completed.
	Currently, all 90 FHCal modules are manufactured and ready for installation into the MPD solenoid. All electronic boards with photodetectors and analog electronics were also manufactured and tested. These boards are placed at the end of the module on a panel with optic connectors. Optimization of FHCal energy calibration methods is underway.
In 2021-2022, all 40 Cherenkov FFD modules were tested in laser measurements and all the mechanics of the subdetectors were prepared for their installation in a container together with a beam vacuum tube. The electronics for receiving and processing signals from detector modules include receiving and branching modules of LVDS pulses (a new version of this module was developed in 2022, production is planned for 2023) and analog multiplexer modules, which together with CAEN digitizers N6742 are used to configure the mode and control the operation of the FFD detector (produced and tested in 2022). The main modules of the FFD pulse processing electronics for generating signals for the L0 trigger were designed in 2022, the prototypes were successfully tested. Their production will be completed in the second half of 2023. In this period, the Vertex unit for the main L0 trigger pulse will also be produced.
In 2022, the production of the first batch of electromagnetic calorimeter (ECal) modules was completed by JINR. In total, 800 modules were produced, with 16 towers in each. A test bench was constructed for testing the readout electronics for light signals from module towers. All available 600 boards were tested and the voltage operating point for each SiPM light detector was determined. A site was constructed for preliminary testing and calibration of modules using cosmic muons with calculating the possibility of simultaneous testing of 32 modules. This will ensure the continuous operation of the site where modules are put together into clusters. 800 modules were tested, 20 of them were sent for modification (for various reasons) and returned for testing and further to the cluster making site. No modules were rejected. Calibration data are constantly being analyzed, and the distribution of calibration coefficients is being studied. A comparison of calibration coefficients for different types of modules and modules from different manufacturers is being carried out.
A site for gluing modules into clusters of 16 pieces was constructed. Holding frames were produced for gluing modules with maximum accuracy. Two teams in a short time put together all available 800 modules, of which 50 clusters were assembled. A holding frame for the final assembly of half-sectors was modified and equipped with auxiliary mechanisms, its geodetic alignment was carried out. The test assembly of the half-sector baskets started, and 4 baskets of calorimeter modules were installed.
In 2022, two out of three planned batches of modules were delivered from China. In the near future, it is planned to receive all 800 modules from China. The already started testing of the modules shows their good quality. The calibration coefficients are identical with the modules produced in Russia. Preparations are currently underway to start producing a new batch of modules in Russia so that by the time the MPD is assembled, 37 half-sectors will be ready. It will make up 75% of the total calorimeter. The air-cooling system of electronics in clusters is being tested. Using the developed monitoring system, the stability of calorimeter operation is being checked at the cluster level. It is planned to prepare at least 33 baskets (66% of the total number) for installation into MPD. The team is making every effort to increase the number of baskets ready for installation to 41 (Fig. 17).
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Fig. 17. Assembled clusters ready to be installed into the baskets of ECal half-sectors.

In 2021-2021, as part of the construction of the "luminosity detector", two (out of eight) working planes were developed and produced. The resolution was tested with the beam at CERN. The time resolution and temperature conditions of electronics were studied.
After the MPD superconducting solenoid arrived to JINR in 2020, it was unpacked in April 2021, and in July 2021 it was installed into the magnetic circuit. The connector was repaired and the leak of the nitrogen shield loop was eliminated. Repeated testing showed satisfactory performance. There were no leaks at the level of 10-7 mbarl/s. The solenoid was pumped out to 10-5 mbar (August – December 2021).
In 2022, VBLHEP employees developed and produced the missing Chimney unit - the connection unit of the control Dewar, inside which the equipment and fittings of the solenoid are located. The unit includes 4 pipelines of the nitrogen shield loop, 2 pipelines of helium cooling loop, and two plates of the superconducting cable. These pipelines and the cable are installed inside the vacuum jacket. All elements of the Chimney unit were produced, installed and tested. According to the results of local tests, all units are in operating, satisfactory conditions; there are no leaks. The readiness of the Chimney unit made it possible to complete the assembly of the magnetic circuit and install the cryogenic platform, start installing equipment and testing it (Fig. 18). The following was performed: installation of magnetic circuit support rings; installation of magnetic circuit plates; measurements of the position of the magnetic circuit and support rings; installation of the cryogenic platform (the solenoid power supply and discharge system and the solenoid cooling system were installed on it); installation of the solenoid control and steering system. In July 2022, the correcting magnet coils were assembled and installed into the poles.
Taking into account force majeure circumstances, JINR employees were at the same time instructed to assemble and adjust the existing equipment of the solenoid cryogenic system, and place part of the orders, taking into account changes in the cooling scheme, at the enterprises of the Russian Federation. 
[image: ]
Fig. 18. Assembly of the solenoid cryogenic system elements: (а) – refrigerator assembly, (b) – assembly and testing of the control Dewar.

A project of a magnetic field meter based on one Hall sensor has been worked out and its production was ordered at Budker Institute of Nuclear Physics of SB RAS.
	The main work plans for the spring-summer of 2023 include intermediate cooling of the solenoid up to 80K to determine the integrity of the system, the development of algorithms for equipment operation during cooling and warming, to determine operation parameters of thermometry and software of the control and steering system. In November – December 2023, it is planned to cool the magnet to the temperature of liquid helium, assemble and finalize the system of power supply and output of the stored current from the solenoid, conduct current input by 5% with emergency output simulation.
In 2021-2022, work was carried out on the development and preparation for the implementation of the electronic platform of the NICA MPD detector. A technical specification was drawn up, a company was chosen and a contract was signed for the production, delivery and installation with all utility lines of NICA-MPD-Platform (implementation date is June 15, 2023). The design of the cable channel system was simulated. A full-scale layout test bench was designed and produced for testing the installation and laying of utility lines (Fig. 19).

[image: ]

Fig. 19. A full-scale layout test bench.
SPD

During the report period, the SPD project went through the following stages: revision of the experiment’s scientific programme, preparation and defense of the conceptual project (CDR), preparation of the technical design (TDR). SPD CDR was presented at the JINR Programme Advisory Committee on Particle Physics (PAC PP) in January 2021 and was approved by the PAC after being considered by the International Advisory Committee of the SPD Detector in January 2022. In January 2023, the first draft of the TDR was presented to the PAC. The SPD International Collaboration was established in June 2021, its main bodies (Collaboration Council, Executive Board, Technical Board, etc.) were formed, and the process of signing Memoranda of Understanding (MoU) with participating institutes began.
SPD is planned to operate as a universal facility for comprehensive study of the unpolarized and polarized gluon content of the nucleon at large Bjorken-x, using different complementary probes such as: charmonia, open charm, and prompt photon production processes. The experiment aims at providing access to the gluon helicity, gluon Sivers, and Boer-Mulders functions in the nucleon, as well as the gluon transversity distribution and tensor PDFs in the deuteron via the measurement of specific single and double spin asymmetries. These functions, most of which are currently obscure, reflect the fundamental properties of the nucleon. The results expected to be obtained will be crucial for the general understanding of the nucleon gluon content and will serve as a complementary input to the ongoing and planned studies at RHIC, EIC (BNL) and fixed-target experiments at the LHC (CERN). At the first stage of the facility’s operation, before designed luminosity and collision energy reached, the focus will be on the study of spin effects in elastic p-p and d-d scatterings, the search for multiparton correlations, and new bound states, the study of the production of charm at the threshold, hyperon polarization, etc.
As part of the preparation of SPD CDR and TDR, work was carried out to produce prototypes of detecting elements and subsystems of the facility, such as Silicon Vertex Detector, the central tracker based on Micromegas, a straw-tube based tracking system, TOF, an electromagnetic calorimeter, a muon system, beam-beam counters based on a scintillator and microchannel plates, DAQ, a gas distribution system, etc. Work was also performed to construct a miniSPD test setup and a test zone at the extracted Nuclotron beams.

ARIADNA

During the report period, a scientific programme of applied research using charged particle beams of the NICA complex was developed. ARIADNA scientific collaborations on research in the field of life sciences, radiation materials science and testing of electronics for radiation resistance have been established and started work. Over the past period, about 20 research and educational institutes of the Russian Federation and other JINR member states have been involved in the work of collaborations. 11 institutes have signed Memoranda of Understanding and agreements on participation in joint work. A scientific programme of collaborations was developed.
The implementation of the ARIADNA applied research programme with the extracted Nuclotron beams was started as per schedule. The first applied research experiment was carried out with the high-energy 124Xe54+ ion beam (3.8 GeV/nucleon) within the operation of the BM@N facility. Specialists of five research centres participating in the ARIADNA collaboration took part in the run. They performed a series of irradiation of samples in the field of radiation materials science and related tasks.
In the first stage of the experiment, a number of scientific and methodological tasks on beam diagnostics and dosimetry were performed. The main parameters of the beam at the output of the BM@N facility were determined and irradiation schemes for various types of samples were planned. In the subsequent stages of the experiment, a number of tasks were performed to study the protective properties, radiation resistance and radio modification of composite materials for the space industry. They may be used as part of radiation protection in future spacecraft, as well as within the framework of the Russian Orbital Service Station (ROSS) project.
During the run, problems were tackled to study the structural modification and state of matter as a result of the effect of accelerated ion beams on artificial sapphires (Al₂O₃). The sapphires are widely used in various fields of science and technology, including electronics for the space industry, where the impact of high-energy charged particles on the elements of spacecraft equipment may be expected.
A significant part of the run programme was devoted to studying radiation damage of polymer films up to 100 microns thick, created on the basis of polytetrafluoroethylene (PTFE and thermal-radiation modified PTFE), polyethylene terephthalate (PET), polyethylene (PE), polyimide (PI), and irradiated with beams of accelerated Xe ions with an energy of 3.8 GeV/nucleon. This work focuses in particular on studying the processes of amorphization and recrystallization of polymers and nanocomposite materials, identifying the patterns and mechanism of radiation-chemical processes developing in PTFE, PET, PE and PI films as a result of radiation processing.
One of the tasks of the run was irradiation of high temperature superconducting tapes (HTSP) of the second generation in order to find methods to increase the critical current by creating radiation defects (pinning centers). The first results indicating an increase in the critical current after irradiation were obtained.
In terms of R&D in preparation for routine work with beams for applied research, a series of preparatory experiments in the field of life sciences was carried out at the NICA complex using sources of rare ionizing radiation in order to subsequently compare the results obtained with the effects of irradiation with accelerated heavy ions. Special attention was paid to the study of the effect of low doses of ionizing radiation in order to prepare for experiments using ion beams with a relatively low intensity. This is very likely to happen at the first stages of the implementation of the scientific programme of applied research at the NICA complex. As part of a series of experiments conducted on the sample of human skin fibroblast cells, new information about the molecular mechanisms of DNA repair was obtained following low-dose exposure to X-rays. Compelling evidence was obtained for the predominant activation of the error-free repair pathway of DNA double strand breaks (DSBs) - homologous recombination - after such exposure. Scientists discovered the presence of threshold levels of radiation doses to human fibroblast cells by induction of the most important markers of DNA DSB repair: γ-H2AX, pATM foci and their colocalization. In related work on mathematical and computer simulation of induction and repair of DNA double strand breaks, the kinetics of DNA DSB repair after exposure to protons with energies in the range of 0.7-5.0 MeV was evaluated. In particular, using the Geant4-DNA software, calculated data were obtained on the kinetics of the fraction of unrepaired DSBs after irradiation with protons with an energy of 3.2 MeV (LET=11 keV/µm), which corresponds to the parameters of irradiation in the area of applied low-energy research [Hirayama et al. 2022]. Since the nature of DNA damage and repair is one of the main triggers for many processes of the biological effects of radiation, the obtained patterns are important for planning the dose budget in the framework of a number of subsequent experiments in the field of life sciences with the beams at the NICA complex, implying the study of other aspects of the biological effects of ionizing radiation.
In order to develop ARIADNA user research infrastructure, a preliminary design was developed for the possible equipping of the rooms of the lower passageway in the Measurement hall of building 1. The project provides room for deploying its own user equipment, preparing samples and conducting primary ("fast") analytical studies carried out in a short time after irradiation. Requirements for premises, specifications for equipment and design of laboratory rooms were prepared. Preliminary work was performed on the exact layout of rooms, the arrangement of equipment and the laying of utility lines. Proposals are formulated on the procedure for the work of personnel in the rooms of the lower passageway in the Measurement hall of building 1.
The concept of the ARIADNA Web-portal was developed, which includes a system for collecting applications for conducting applied research experiments at the NICA complex. Together with LLC InterGraphics, a prototype of the ARIADNA Web-portal was designed and a system for electronic submission and registration of user applications was developed.

2.2.2. A complete list of publications on the theme (electronic annex) contains 290 references.


2.3 Results of related activities

[bookmark: _Hlk1255546811]2.3.1. Scientific and educational activities. List of theses defended. 
· A. Tuzikov, Candidate of Physics and Mathematics: "Injection of heavy ion beams into the superconducting Booster synchrotron of the NICA accelerator complex", 16.02.2023
· K. Levterov, Candidate of Technical Sciences: "Formation of accelerated beams in the heavy ion injector of the NICA injection complex VBLHEP JINR", 02.03.2023
· V. Kireev, Candidate of Physics and Mathematics: “Study of processes of hadron generation, nuclei and hypernuclei formation during collisions of heavy ions in the PHQMD model”, 16.03.2023
· V. Babkin, Candidate of Physics and Mathematics: «MPD Time of Flight System», 20.04.2021
· Reham Ibrahim Sayed Ibrahim, PhD Thesis, «Production of Antiprotons in Interactions of Light Nuclei and the Search for Dark Matter in Space Experiments», Cairo 2021
K. Herzenberger, Associate Professor at Dubna State University – prepared a course of lectures on “Methods of data processing and analysis of experimental facilities in the ROOT environment”.
S. Merts.:  in 2021-2022 – Supervisor for Master’s Thesis of a student of SINP MSU Artashes Chinaryan; in 2022-2023 – Supervisor for Thesis of a 6th year student of MEPHI Ramin Barak. 
Within the framework of short-term internships at JINR, work was carried out with 3 students on the subject of ARIADNA.

2.3.2. JINR grants (scholarships) received.
2.3.3. Awards and prizes.

· JINR First Prize (2021) for scientific and methodical and scientific and technical applied research: “Construction of the NICA Booster”
Authors: A. Butenko, V. Volkov, A. Galimov, V. Karpinsky, S. Kostromin, I. Meshkov, V. Mikhailov, A. Sidorin, G. Trubnikov, H. Khodzhibagiyan
· JINR First Prize (2022) for scientific and methodical and scientific and technical applied research: “Creation of systems of ion beam transfer to the Booster and Nuclotron synchrotrons of the NICA accelerator facility”
Authors: A. Butenko, A. Galimov, S. Kolesnikov, O. Kunchenko, K. Levterov, V. Seleznev, A. Sidorov, A. Tuzikov, A. Fateev, V. Shvetsov
· VBLHEP First Prize (2021) for scientific and methodical and scientific and technical applied research: “Construction and testing of ROC chambers for the TPC detector of the MPD facility of the NICA project”
· S. Merts: All-Russian Award “For Loyalty to Science” in the nomination “Science is Fashionable”.
· Certificate of Honour of the Ministry of Investment, Industry and Science of the Moscow Region (O. Belov, Deputy Head of Division No.5, VBLHEP).


2.3.4. Other results (expert investigations, organizational, outreach activities).

In 2022 and 2023, the Pilot Program of Special-Purpose Funding for Research Teams Acting within the NICA Megascience Project was launched. The procedure for the implementation of JINR's own special-purpose funding programmes was developed and piloted, including the consideration of applications and reports, as well as the collection of information on the effectiveness of the programmes.
In terms of activities for popularizing science, the concept of information support for the work of ARIADNA collaborations was developed using the appropriate Web-portal. The Portal concept focuses on presenting the current status of the work of collaborations, as well as on organizational and informational support of the future ARIADNA user programme in the User Club format. 


3. International scientific and technical cooperation

The countries, institutions and organizations actually involved. 

	Organization
	Country
	City
	Participants
	Type 
of agreement

	Univ. of Sydney
	Australia
	Sydney
	
	Collaboration

	YSU
	Armenia
	Yerevan
	Balabekian А.
	Collaboration

	AANL
	
	
	Agbarian V. 
	MoU

	
	
	
	Akopov N.
	Collaboration

	
	
	
	Grigorian О.
	MoU

	NNRC
	Azerbaijan
	Baku
	Rustamov А
	MoU

	
	
	
	Sattarov R.
	Collaboration

	BSUIR
	Belarus
	Minsk
	Kuraev А. 
	Collaboration

	IAPH NASB
	
	
	
	

	IP NASB
	
	
	Orlovich V. 
	Collaboration

	IE NASB
	
	
	Baev V.
	Collaboration

	INP BSU
	
	
	Litomin А.
	Collaboration

	SPMRC NASB
	
	
	Demianov S.
	Collaboration

	JIPNR - Sosny
	
	
	Babichev L.
	Collaboration

	PHTI NASB 
	
	
	Pobol I.
	Collaboration

	SWU
	Bulgaria
	Blagoevgrad
	Stanoeva R.
	Collaboration

	PU
	
	Plovdiv
	Zaitseva Е.
	MoU

	
	
	
	Shopova М.
	MoU

	INRNE BAS
	
	Sofia
	Atanasov I.
	Collaboration

	ISSP BAS
	
	
	Spasov L.
	Contract

	LTD BAS
	
	
	Genchev S.
	Collaboration

	SU
	
	
	Litov L.
	Collaboration

	TU-Sofia
	
	
	Minchev М.
	Collaboration

	UTFSM
	Chile
	Valparaiso
	Kuleshov S.
	Collaboration

	SAPHIRE
	
	Santiago
	
	

	Univ. Andres Bello
	
	
	
	

	CTGU
	China
	Yichang
	Shenin Fang
	MoU

	IMP CAS
	
	Lanzhou
	Chgao Ch.
	Collaboration

	"Tsinghua"
	
	Beijing
	Wan I.
	Collaboration

	CIAE
	
	
	Lee S.
	Collaboration

	IHEP CAS
	
	
	Huan М.
	MoU

	CCNU
	
	Wuhan
	Lyu F.
	MoU

	HU
	
	Huzhou
	Wan F.
	MoU

	USC
	
	Henan
	Wan S.
	MoU

	IASPP
	
	Hefei
	Yantao Song
	Collaboration

	USTC
	
	
	Dzebo Tan
	Collaboration

	
	
	
	Tang Z.
	MoU

	SDU
	
	Jinyang
	Sui Ts.
	MoU

	Fudan
	
	Shanghai
	Fan D.
	MoU

	
	
	
	Yuigan Ma
	Collaboration

	SINAP CAS
	
	
	Sun Chgan
	Collaboration

	InSTEC
	Cuba
	Havana
	Guzman F.
	Collaboration

	
	
	
	
	

	
	
	
	
	

	CU
	Egypt
	Giza
	El-Coly R.
	Collaboration

	ECTP
	
	Cairo
	Tavfik А.
	Collaboration

	AIP TSU
	Georgia
	Tbilisi
	Chkareuli D.
	Collaboration

	GTU
	
	
	Prangishvili А.
	Agreement

	Cairo University
	
	
	
	

	Nagoya Univ.
	Japan
	Nagoya
	Ivata Т.
	Collaboration

	Nihon Univ.
	
	Tokyo
	Каtayama Т.
	Collaboration

	HUJI
	Israel
	Jerusalem
	Ron G.
	Collaboration

	TAU
	
	Tel Aviv
	Piasetsky Е.
	Collaboration

	INP
	Kazakhstan
	Almaty
	
	MoU

	
	
	
	
	

	UNAM
	Mexico
	Mexico City
	Ayala А.
	Collaboration

	BUAP
	
	Puebla
	Rodriges М.
	Collaboration

	USM
	Moldova
	Chisinau
	Gudima К.
	Collaboration

	IPT MAS
	Mongolia
	Ulan-Bator
	Baatar Ts.
	Collaboration

	IFIN-HH
	Romania
	Bucharest
	Mateesku G.
	Collaboration

	INCDIE ICPE-CA
	
	
	Karachuk Yu.
	Collaboration

	INR RAS
	Russia
	Moscow
	Guber F.
	MoU

	NRC KI
	
	
	Stavinsky А.
	Collaboration

	Scobeltsin Institute
	
	
	Merkin М.
	MoU

	Lebedev Institute
	
	
	Zavertyaev М.
	MoU

	MEPhI
	
	
	Sosnovtsev V.
	MoU

	ITEP
	
	
	
	MoU

	MIPT
	
	Dolgoprudny
	Aushev Т.
	MoU

	IHEP
	
	Protvino
	
	

	SPbSU
	
	St.Petersburg
	Nemnyugin М.
	MoU

	SPbPU
	
	
	
	MoU

	BelSU
	
	Belgorod
	
	MoU

	NOSU
	
	Vladikavkaz
	
	

	REU
	
	Moscow
	
	

	PNPI
	
	Gatchina
	
	MoU

	SSU
	
	Samara
	
	MoU

	TSU
	
	Tomsk
	
	

	Vinča Institute of Nuclear Science
	Serbia
	Belgrade
	
	

	UPJS
	Slovakia
	Kosice
	
	

	Institute of Physics Belgrade Univ.
	
	
	
	

	UJ
	South Africa
	Johannesburg
	Muronga А.
	Collaboration

	WITS
	
	
	Мellado B.
	Collaboration

	iThemba LABS
	
	Somerset West
	Wandeword Sh.
	Collaboration

	SU
	
	Stellenbosch
	Bayley Т.
	Collaboration

	CERN
	Switzerland
	Geneva
	
	Agreement





4. Analysis of planed vs actually used resources: manpower (including associated personnel), financial, IT, infrastructure

[bookmark: _Hlk125557507]4 .1. Manpower (actual at the time of reporting)

	No.
	
Personnel category
	JINR staff,
FTE amount
	JINR associated personnel,
FTE amount

	1.
	research scientists
	186,9 
	14,25

	2.
	engineers
	284,7 
	6,5

	3.
	specialists
	51,9 
	

	
	Total:
	523,5 
	20,75



4.2. Actual cost of the Theme / LRIP

	No.
	

Items of expenditure

	Full cost
[bookmark: _GoBack1](thousands of US dollars)
	Expenditure for the last year,
(thousands of US dollars)

	1.
	International cooperation
	5 500,0
	256,4

	2.
	Materials 
	101 190,7
	11 217,6

	3.
	Equipment, Third-party company services
	352 126,5
	21 094,7

	4.
	Commissioning
	502,5
	0,0

	5.
	R&D contracts with other research organizations 
	12 901,8
	932,4

	6.
	Software purchasing
	1 536,3
	136,3

	7.
	Design/construction
	196 535,6
	25 241,8

	8.
	Service costs (planned in case of direct project affiliation)
	
	

	TOTAL:
	670 293,4
	58 879,2




5. Conclusion

The following work is planned to be carried out at the accelerator complex before the Nuclotron-NICA Project is completed:
· completion of manufacturing and testing of elements of the collider's magnetic system. 
· launch of a new cryogenic compressor station and the cryogenic complex in Building 1b. 
· construction of beam transport elements from the Nuclotron into the collider. 
· reconstruction of the Measurement hall for applied research. 
· preparation for the technical run at the collider.
[bookmark: _Hlk125558935]Work continues on the analysis of data taken during the irradiation run at the BM@N detector with xenon nuclei. The first results will be presented at the PAC PP session in June 2023.
The most important tasks for the MPD team in the first half of 2023 will be cooling, current supply and testing of the large superconducting solenoid with subsequent magnetic field measurements. Production of all elements for the first stage of the MPD detector configuration is in a good progress.
At present, work continues on optimization of the SPD configuration. Its completion is scheduled for 2024. Then the SPD Collaboration will begin constructing the basic configuration of the facility, the main elements of which will be the solenoid and the muon system. The first data taking within the experiment’s physics programme is scheduled for 2028. 
The infrastructure of ARIADNA is being prepared for conducting experiments.


Theme leader
		/___________		/
"	"			 202_г.

Project leader (NICLOTRON-NICA)
		/_A. Butenko_/
"	"			 202_г.

Project leader (BM@N)
		/_M. Kapishin  /
"	"			 202_г.
Project leader (MPD)
		/_V. Golovatyuk_/
"	"			 202_г.

Project leader (SPD)
		/_A. Guskov   /
"	"			 202_г
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		/__                  _/
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