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Abstract
[bookmark: OLE_LINK4]This work is dedicated to study of the morphology of craters formed on the surface of HPHT synthetic diamond plates under the influence of high-power laser radiation during their studies by Laser-induced breakdown spectroscopy (LIBS). Samples of diamond plates were irradiated with both individual laser pulses and a series of up to 30 pulses at one point. Analysis of the obtained results shows that the shape of the crater depends on several factors: the energy of the laser pulse, the number of pulses in the series and the crystallographic orientation of the plate. The influence of the energy of the laser pulse is manifested in the transition from the oval to the polygonal shape of the crater. The crystallographic orientation of the plate affects the shape of the polygonal crater: rectangular line– or point-bottomed depressions are formed in the direction of the cube ‹100›, and triangular flat–bottomed depressions are formed in the direction of the octahedron ‹111›.
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Introduction
When studying synthetic diamonds, their surface is often exposed to laser radiation. In particular, the method of laser-induced breakdown spectroscopy (LIBS) has been gaining popularity recently, due to its versatility, the possibility of studying the material without sample preparation, speed, high sensitivity and the possibility of simultaneous multi-element analysis [Hahn and Omenetto, 2010]. These features of the method have provoked its widespread use in the analysis of alloys in metallurgy and jewelry, archaeological sites, soils and much more [Gaudiuso et al., 2010]
Especially interesting is the use of LIES in the field of gemology to determine the geographical origin of gems. Thus, in a study by Kochelek et al. [2015], sapphires and rubies from various deposits are successfully identified. In another work by the same authors, McManus et al. [2020], a similar method is applied to natural diamonds, but this work was critically perceived by Smith et al. [2022] regarding the possible presence of impurity element spectra in the plasma spectra of the atmosphere surrounding the samples. The main limitation when using the LIBS method in gemology is the fact that it is partially destructive as a result of microablation of the substance by focused laser radiation. Koral et al. [2018] demonstrated the possibility of studying gems without visible destruction of the surface using a modified LIBS method, in which the amplification of the plasma spectrum of the sample under study is carried out due to the interaction of laser radiation with a film containing gold nanoparticles sputtered onto the sample surface under study.
The effect of low-power laser radiation on diamonds has been studied by many researchers [Cai et al., 2020, Zhang et al., 2020], while the effect of high-power radiation on the surface of diamonds has hardly been mentioned. The interrelation of different crystallographic orientation, defect-impurity composition, initial surface roughness with the morphology of newly formed surface structures is mostly ignored by scientists.
In the work of Lebedev et al. [2020], the distribution of impurities in various sectors and growth zones of synthetic diamond grown by the HPHT method was studied by the LIBS method. As a result of laser radiation exposure to diamond plates, craters were formed, the study of the morphology of which was the purpose of this papar. The latter represents the results of studying the micro- and macromorphology of the surface of the HPHT diamond plates exposed to focused laser radiation. Samples of the same physical type Ib, but with different crystallographic orientations ‹100›, ‹111› and with different surface roughness (natural facet and polished plate) were studied for the most complete understanding of the nature of the change in the surface of HPHT diamond.
Ablation of the surface of the samples was carried out by focused pulsed Nd3+: YAG laser radiation at a wavelength of 1064 nm with an energy density of about 1 kJ/cm2. The laser was started, its operation was synchronized with the spectrometer and plasma spectra were processed using proprietary software, and plasma spectra were recorded with an AvaSpec-ULS2048L fiber output spectrometer (Avates). To prevent the chemical interaction of the laser torch with the surrounding air, the samples were blown with a low-speed Ar jet. The plates were irradiated with both individual laser pulses and a series of pulses in the amount from 1 to 30 at one point of the surface. The Leica M205C optical microscope (OM), Quanta 200 3D scanning electron microscope (SEM) and Integra-Aura atomic force microscope (AFM) were used to analyze the features of micro- and macromorphology. The research was carried out in the Laboratory of Photonics and Quantum Technologies of SUAI and in the resource center "Microscopy and Microanalysis" of St. Petersburg State University.
[bookmark: OLE_LINK9]HPHT [100] oriented type Ib diamond plate
The sample is a mechanically polished plane-parallel plate of a type Ib HPHT diamond grown in the Fe-Ni-C system, cut in the ‹100› direction through the central part of the crystal (fig. 1). The craters formed when exposed to laser radiation have both oval (Fig. 1a, b) and rectangular (fig. 1c, d) shape. Oval craters are shallow, their surface consists of flat-bottomed sections connected to each other by a stepped wave-like relief; the surface of the craters is covered with a large amount of graphitized material; the size of the craters is about 500 microns along the long axis and 200 along the short axis, which roughly corresponds to the size of the laser beam. The bottom of the rectangular craters is represented either by straight lines or by points to which the crater walls converge at an angle close to 45 degrees. The size of the craters is ~200–400 microns. In some cases, the continuation of the chips is visible, extending beyond the crater area (fig. 1c, d). Figure 2 shows an AFM image of the boundary between the polished surface of a diamond plate and an oval crater formed as a result of a single laser pulse. The surface of the crater is uneven, rough, covered with a large amount of graphitized material, and also dotted with clearly distinguished linear elements. The crater depth is close to 1 micron, and the root-mean-square surface roughness is Rq = 60 nm.
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Figure 1. OM photo of type Ib HPHT [100] oriented plate and SEM images of laser craters on its surface: a) a double crater from a single beam passage "back and forth"; b) a single oval crater; c) quadrangular pyramidal depressions; d) polygonal depressions with divergent cracks
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Figure 2. AFM image of oval crater boundary with polished surface of HPHT [100] oriented type Ib diamond plate.
HPHT [111] oriented type Ib diamond plate
The sample is represented by a cleavage-сut face {111} on the bottom (not shown in the picture), of a single crystal of HPHT type Ib diamond grown in the Fe-Co-C system. On the natural surface of the crystal (fig. 3), the hatching formed while the solidification of the catalyst metal melt is visible. The craters on the surface of the sample have an oval or triangular shape. Fig. 3a shows a crater formed by 30 laser pulses at one point. The surface of the crater, which is shown in Fig. 3a, has the shape of a triangle with sides approximately 1.4 mm. This surface is relatively uniform and flat-bottomed in the central part, contoured with a stepped relief. Inside a large triangular crater, a small oval crater is visible, probably formed as a result of a single pulse. Figure 3b shows an oval crater, the surface of which is complicated by small rounded depressions. The crater itself is much less deep than the craters on the [100] orientated plate. The size of the oval crater along the long axis is about 750 microns.
[image: ]
Figure 3. OM photo of HPHT [100] oriented type Ib diamond plate and SEM images of laser craters: a) huge flat - bottomed triangular crater, b) oval crater.

Discussion
Based on the data obtained, we conclude that the shape and depth of craters formed on diamond plates during interaction with laser radiation depends on several factors: 1) the radiation energy and the number of pulses per point; 2) the crystallographic orientation and the initial roughness of the surface of the diamond plate.
[bookmark: OLE_LINK14]The influence of these factors is expressed in a change in the shape of the crater from oval to rectangular or triangular when a certain energy threshold is reached, at which chipping begins to occur in the "weak" direction in the diamond structure i.e., ‹111›. This is due to the largest interplane distances in the crystal lattice in this direction. In diamond, cleavage planes are located parallel to the faces of the octahedron {111} and form triangular-shaped structures. Thus, the craters on the faces of the octahedron {111} have the form of either flat-bottomed triangular or flat-bottomed with a "jagged" frame. Relative to the face of the cube {100}, the cleavage planes are arranged in the form of a quadrangular pyramid, which leads to the formation of craters of this shape (Fig. 1b).  It is worth noting that the formation of chips is affected not only by the laser radiation energy, but also by the number of laser pulses, which makes the calculation of the moment of chip formation quite difficult and requires further research.
Conclusion
As a result of studying features of the effect of focused laser radiation on the surface of HPHT diamond plates, the following results obtained:
1. The shape of craters formed when focused laser radiation is applied to the diamond surface corresponds to the shape of the laser beam, which is oval in this case.
2. After exceeding a certain threshold of energy and/or number of pulses to a point, at place of formation of the crater, cleavage occurs in the ‹111› direction; the crater expands and begins to acquire a polygonal shape corresponding to the symmetry of the irradiated surface.
3. The morphology of a polygonal craters depends on the crystallographic orientation of the surface exposed to radiation: 1) on the cube {100} faces rectangular point- or line bottomed craters with smooth surface are formed; 2) on the octahedron {111} faces triangular flat-bottomed craters with step-like pattern are formed.

The work was carried out within the framework of the state assignment of the Ministry of Science and Higher Education of the Russian Federation (theme № FSFZ-2022-0006).
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