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The work submitted for the competition is a series of articles published from 2018 to 2024 in scientific journals and conference proceedings as part of Topic 1087: "Research on Relativistic Heavy and Light Ion Physics.  Experiments at the Accelerator Complex Nuclotron-M/NICA at JINR and CERN SPS," the activities " Fundamental and applied research with relativistic electron beams in the framework of FLAP collaboration" and "Investigation of deep subthreshold processes, applied and educational programs at MARUSYA set up".
[bookmark: _Hlk152590741]The series of works [1-10] focuses on the investigation of the interaction of relativistic charged particles with various radiator targets. As a result of the interaction between the fields of relativistic charged particles and the radiator target, depending on the experimental geometry, the material of the target, and its configuration, it is possible to generate one or more types of polarization radiation: diffraction radiation (DR), transition radiation (TR), Cherenkov radiation (ChR), Smith-Purcell radiation (SPR), and parametric X-ray radiation (PXR).
Problems related to the emission of radiation of moving charged particles in the presence of media with various electromagnetic properties continue to attract attention, despite the fact that they have been studied since the 1930s. One of the main reasons for this is the relevance of developing new and upgrading existing precision diagnostic methods for charged particle beams, driven by the increasing quality requirements of generated beams.
The series includes both experimental and theoretical works, which serve as a basis for planned experiments. The theoretical calculations and modeling results are based on the method of polarization currents [11,12], which has been developed over many years by the theoretical group led by A.P. Potylitsyn.

The main results of the research include the following:
1. Experimental investigation of Cherenkov diffraction radiation at the Cornell Electron-positron Storage Ring CESR
In works [1,2], the results of experimental studies on incoherent Cherenkov diffraction radiation (ChDR) conducted at the Cornell Electron-positron Storage Ring CESR are presented. 
In experiments carried out with a positron beam of 5.3 GeV energy passing near a quartz target, incoherent Cherenkov diffraction radiation was observed [1]. The measured dependence of the radiation intensity on the impact parameter (the distance between the beam and the surface of the radiator) showed good agreement with theoretical predictions made using the polarization current method.
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	FIG. 1. Emission of Cherenkov diffraction radiation in a flat radiator with a sandblasted outer surface (a) and in a triangular radiator (b).
	FIG. 2. Experimental and simulated CDR light intensity emitted as function of impact parameter at 600 ± 10 nm.


In the experiment on observing incoherent ChDR from colliding beams (electrons and positrons) passing in close proximity to a quartz target (Fig. 3) [2], the angular (Fig. 4) and spectral properties of the radiation were investigated in both the visible and near-infrared ranges. The measured data show good agreement with the theoretical model.
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	FIG. 3. Sketch of a prismatic target for the observation of counterpropagating beams. Positrons are going left to right and electrons right to left..
	

	[image: ]

	FIG. 4. Angular distributions of vertically polarized photons measured with 5.3 GeV positrons using visible radiation as a function of the impact parameter. Images (top) and polar angle distributions (bottom).


 A comparison of the experimentally measured and theoretically calculated beam sizes (Table 1) showed that by selecting the appropriate polarization, it is possible to accurately determine the beam size.
	TABLE 1. Comparison between the calculated and measured widths of vertically polarized angular distributions for different impact parameters. 
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2. Estimation of the bunch duration of the LINAC-200 accelerator
During the commissioning work of the LINAC-200 accelerator, studies of coherent transition radiation (CTR) in the pre-wave zone from a finite-size target were conducted [5]. The experimental setup is shown in Fig. 5.
	[image: ]

	FIG. 5. Experimental setup for measuring CTR characteristics



The measurements were carried out with an electron energy of 100 MeV and a current of 16 mA. The electron bunch duration on the target was 2 µs at a repetition rate of 10 Hz. The beam was extracted through a 50 µm titanium foil. Then it passed through a scattering screen made of polyethylene foam with a total thickness of 0.028 g/cm², facing the beam pipe with the metallized side (aluminum coating thickness – 10 µm), and reached the transition radiation target. TR target was a foil fiberglass laminate FR4 with a thickness of 18 µm. The target dimensions were 150×100 mm. It was mounted on a goniometer, allowing it to rotate around the vertical axis with a precision of 0.1°. A detector (Schottky diode) was positioned at a fixed angle relative to the electron beam at a distance of 150 mm from the target. The detector's specified sensitivity range [13] is 100-700 GHz with a sensitivity of 10 V/W.
Fig. 6 shows the measured orientation dependence of CTR. At each measurement point of the orientation dependence of the CTR output, data acquisition was performed over 3 macro-pulses.
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	FIG. 6. CTR intensity measured with the detector oriented at an angle 90° relative to the electron beam as a function the target rotation angle 


The analysis of modeling results under the experimental conditions and the experimental data made it possible to estimate the accelerator bunch duration. Initially, an assessment of the energy emitted by bunches in the macro-pulse, consisting of electrons was conducted:

.			(1)


 – detector sensitivity band ( =100 GHz,  =700 GHz);  – the spectra of CTR displayed in Fig. 7 for the following simulation parameters: ,  mm, Ra =4.5 mm.
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	FIG. 7. CTR spectra for the target rotation angle : blue curve (1) spectrum of incoherent transition radiation; yellow curve (2) bunch length  mm; orange curve (3)   mm; green curve (4) mm.


Measurements were conducted at an accelerated beam current of 16 mA, which, with a macro-pulse duration of 2 µs and an RF field frequency of 2865 MHz, corresponds to the parameters: =  and . Estimated energy emitted by one bunch and the radiation power per macropulse (number of bunches .) are presented in Table 2.
TABLE 2. Energy emitted by an electron bunch per micropulse and the radiation power during a 2-μs-long macropulse
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[bookmark: _Hlk152589916]The certified efficiency of our detector is ~ 10 V/W, and the signal level measured in the experiment is ~ 20 mV, which corresponds to a power level of ~2 mW. A comparison with the estimates in Table 2 shows that the duration of the LINAC-200 accelerator bunch exceeds the expected value ( мм). Thus, the analysis of the simulation results under experimental conditions and the experimental data allowed for an estimation of the accelerator bunch duration. 
3. Monochromatization of Cherenkov radiation from CVD diamond by moderately relativistic ions
During the session at the Nuclotron in January 2023, an attempt was made to observe the effect of monochromatization of Cherenkov radiation from moderately relativistic ions in a target with frequency dispersion. According to work [4], the monochromatization effect can be applied in beam diagnostics: determining the energy dispersion of accelerated ions. Previously, the monochromatization effect of Cherenkov radiation from relativistic electrons was studied in works [14,15].
The geometry of the generation of Cherenkov radiation from a plane-parallel plate is presented in Fig. 8. The beam of accelerated ions, passing through the inclined plate, generates Cherenkov radiation in the volume of the target, which, upon refraction at the output face, is detected in the far-field zone by a detector. The presence of frequency dispersion in the target material allows for the observation of radiation with various wavelengths at different angles. This enables the "expansion" of the Cherenkov radiation cone and, consequently, measuring "monochromatic" lines of radiation at fixed observation angles. 
	[image: ]

	FIG.8. Geometry of ChR generation in a dielectric plate


The theoretical background for the experiment is presented in work [4]. The theoretical calculations and simulation results are based on the method of polarization currents [11]. The expression for calculating and modeling the spectral-angular characteristics of Cherenkov radiation for the geometry described above is as follows [12]:

		(2)
here α is the fine structure constant; sinc(x) is the cardinal sine; βy, βz are the components of the particle's velocity; nx, ny, nz are the direction cosines of the emitted Cherenkov radiation; [image: ]
To account for the frequency dispersion of CVD diamond in expression (2), the empirical Sellmeier formula [16] is used:
				(3)
The dependence of the radiation intensity on the observation angle, shown in Fig. 8a, indicates that radiation with different wavelengths propagates outside the target material at various angles.
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	FIG.9. Dependence of Cherenkov radiation intensity on the observation angle (a); spectra for different ion energies at a fixed observation angle θvac=79° and a target rotation angle ψ = 17° (b)



The emission spectra (Fig. 9b) constructed for different ion energies at a fixed observation angle and target rotation angle demonstrate the potential for separating the spectral characteristics of Cherenkov radiation for ions with varying energies. 
The experimental setup and design of goniometer chamber with a target is presented in Fig. 10. The experimental setup is based on the MARUSYA facility in the SPD test zone of the NICA accelerator complex. The target is a plane-parallel plate, with a thickness of 100 µm and transverse dimensions of 10×10 mm. The target material is a CVD-diamond. The target is mounted on a goniometer, which is positioned on a linear translator. A spectrometer designed for measurements in the optical range (200-800 nm) was used to register the generated radiation, positioned at a fixed observation angle (θvac=90°).
	a)[image: ]
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	FIG.10. Scheme of the experimental setup (a); designs of goniometer chamber (b) and target (see inset))


[bookmark: _GoBack]Due to time constraints, only test measurements were conducted. The energy of the accelerated xenon ions was 3 GeV/n. According to the evaluations made prior to the experiment and based on the stated characteristics of the spectrometer, the planned measurement time was 10 seconds. However, based on the measured data, even for background measurements (when the target was removed from the beam), the maximum measurement time could not exceed 2 seconds.
4. Radiation sources based on the LINAC-200 facility
In addition to the possibility of using the radiation generated from the interaction of the electron beam with the radiator target for beam diagnostics, there is potential for its direct application as a radiation source.
In work [6], the possibility of using coherent diffraction radiation (CDR) as a source of terahertz/sub-terahertz radiation is theoretically examined. To achieve maximum intensity of CDR, it is proposed to use a semi-parabolic target with a focal length equal to the distance between the target and the collimator aperture. Simulations of the spectral characteristics of CDR were conducted based on the parameters of the accelerated electron beam.
[bookmark: _Hlk152590006]Test experiments on generating broadband radiation using photon crystals at LINAC-200 were also conducted [7]. The article discusses experiments with high-energy electron beams and their interaction with three-dimensional photon crystals, which represent metamaterials with high structural order. 
Three-dimensional photon crystals were used to generate optical, gigahertz, terahertz, and neutron radiation when exposed to an electron beam. Neutron radiation was generated through electronuclear reactions when high-energy electrons interacted with meta-targets.
[image: ]
FIG. 11. Structure of the SiO2 sample (50 nm) before (left) and after (right) electron beam irradiation
Special detectors and antennas were used to register the generated electromagnetic and neutron radiation, including a horn antenna for the 4–8 GHz range and neutron detectors based on scintillators. A comparison was made between the neutron spectra from photon crystals and those obtained from homogeneous targets of various compositions (tungsten, lead, etc.). The influence of cryogenic temperatures on the luminescence of photon crystals was also investigated. At low temperatures, an increase in luminescence intensity was observed, attributed to changes in the optical properties of the medium. The results indicated that the radiation generated during the interaction of the electron beam with photon crystals could be utilized for neutron radiography, which, unlike X-ray radiography, allows the study of materials containing light elements.
5. Coherent Cherenkov diffraction radiation in the superradiance regime
Work [10] presents the results of experiments investigating Cherenkov diffraction radiation (ChDR) in the superradiance regime. ChDR allows for the diagnostics of particle beams without physical interaction, making this contactless method minimize beam interference and prevent equipment damage. It possesses high directionality, allowing it to be distinguished from other types of radiation (e.g., synchrotron radiation) that may propagate alongside the beam. The intensity of ChDR can be controlled by varying the radiator length, providing flexibility in optimizing the signal for various diagnostic tasks.
Experiments were conducted at the extracted electron beam of microtron MT-25 (JINR) with an electron energy of 10 MeV. Measurements were performed in two experimental geometries: the transition radiation (TR) geometry and the ChDR geometry. The measurement setup is depicted in Fig. 12. Measurements were conducted using the Ceyear 4052F spectrum analyzer.
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	FIG. 12. Schemes of the experiments in the ChDR geometry (a) and TR geometry (b).


The measurement with spectrum analyzer are very precise in terms of dynamic range and spectral resolution. Six harmonics (3-8) of coherent transition radiation (CTR) and ChDR were observed in the experiment. Fig. 13 shows the comparison for the 3rd and 6th harmonics. The spectrum measurements were conducted at the peak of the angular dependence.
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	Рис. 13. Comparison between CTR and coherent ChDR for the 3rd (a) and 6th (b) harmonics


The observed exponential decay versus frequency scan be used to evaluate single bunch length, but the cable transmission efficiency and single electron spectrum is needed. To expand the frequency range, mixers are planned to be used; frequency extension to the range 110 – 170 GHz is being prepared for experiments at the LINAC-200 facility (after it is put into operation).
Thus, the series of articles represents a combination of theoretical and experimental works devoted to the study of the interaction of relativistic charged particles with radiator targets and the possibility of using the resulting radiation as both a diagnostic tool for charged particle beams and a radiation source. 
The joint interest in conducting research at the LINAC-200 facility served as the foundation for the formation of the FLAP (Fundamental & Applied Linear Accelerator Physics) collaboration. The research directions of FLAP collaboration are presented in [3]. The results obtained were presented at sessions of the Particle Physics Commission of the Joint Institute for Nuclear Research (JINR), meetings of the FLAP collaboration, and were also reported at the following conferences: IBIC-2018, IPAC-2021, RREPS-2023, Channeling-2024, LaPlas-2023, and the 15th International School-Conference on "The Actual Problems of Microworld Physics."
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