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ESSAY
Report 47 p., 33 fig., 2 tab., 25 ref., 3 app.
TOKAMAK, KTM, THERMOGRAPHY, IR THERMOMETRY, TEMPERATURE, CO2 LASER, EMISSIVITY, REFLECTIVITY, FIRST WALL
The object of research is the technique of thermographic measurement.

The aim of this work is to develop the method for measuring the distribution and monitoring of the surface temperature of the candidate materials of the first wall of fusion reactors by IR thermometry noncontact method using a CO2 laser and implement it on the KTM tokamak.

Research methods:

· analytical calculations and modeling of heating processes,

· development of the scheme and measurement technique,

· design of technical means for carrying out measurements,

· experimental measurement of the integral emissivity of material samples,

· measuring the surface temperature of bodies by IR thermometry methods,

· comparative analysis of experimental data.
Results of work and their novelty:

· for the first time, a method for thermographic measurements of the metal surface of candidate materials of the first TNR wall using pulsed CO2 laser radiation to measure the emissivity of the material and corresponding correction of the IR camera readings is being developed and implemented,

· the developed method is adapted to the conditions of the KTM tokamak and is being implemented.

The report contains the following works performed on the project:

· experiments to improve the stability of the CO2 laser radiation power,

· experiments to test the method of thermographic measurements on benches with heating of samples ohmically and with a beam of charged particles,

· development of a calibration procedure for diagnostics of IR visualization on KTM in situ,

· adaptation of the measurement method to the conditions at the KTM tokamak,

· experimental adjustment and development of the measurement method at KTM.
Application area: the developed method of thermographic measurements can be used on other fusion installations, as well as in industry.
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LIST OF SYMBOLS AND ABBREVIATIONS
In the research report, the following abbreviations and symbols are used:
	ABB

CO2
IR

ITER
KTM
PD
PSC 

TB PBF
TNR 
VC

ε
	– absolutely black body

– carbon dioxide
– infrared
– international thermonuclear experimental reactor
– Kazakhstan tokamak for material testing
· physical diagnostic
– passive stabilization coil
– test bench with a plasma-beam facility
– thermonuclear reactor

– vacuum chamber

– emissivity of a body

	ρ
	– reflectivity of a body

	
	


INTRODUCTION
KTM tokamak was put into operation in the Republic of Kazakhstan. One of the main goals of creating the KTM tokamak is to study the behavior of candidate materials for the first wall of future TNRs under the impact of plasma heat fluxes [1, 2]. It is planned to use a metal first wall made of beryllium and tungsten at the ITER [3], which is currently under construction. Also, the world is actively researching the possibility of using lithium as a material for the first wall of TNR [4], as well as other materials.

In the branch IAE of RSE NNC RK, in support of the scientific program at the KTM tokamak, research on TNR materials, such as tungsten, molybdenum, beryllium is being actively carried out at the TB PBF [5]. Also, the IAE branch conducts research on the use of a lithium capillary-porous structure as the material of the first wall and its preparation for experiments on the KTM tokamak [6].

However, it should be noted that the problem of selecting materials for the first wall of future stationary power fusion reactors still remains open [7]. Therefore, studies aimed at the selection of candidate materials for the first wall of a TNR that satisfy the thermophysical, mechanical, and radiation requirements are very urgent. Moreover, it is urgent to develop precise and reliable methods for diagnosing the surface state of the materials of the first wall of a TNR under the impact of high-temperature plasma. One of the important controlled parameters in the study of the plasma-wall interaction is the heating temperature of the surface of the materials facing the plasma and the magnitude of the heat fluxes of the plasma. At the KTM tokamak, the maximum plasma heat fluxes (up to 20 MW/m2) to the divertor will correspond to those expected in the ITER.

It is known that the heating temperature of materials and plasma heat fluxes can be measured by contact methods (thermocouple, probes), as well as by non-contact thermometry methods. The advantages of contact methods are in simplicity and direct measurements. However, in the case of installations for controlled thermonuclear fusion and, in particular, KTM, the difficulty of using these methods is in the fact that the installation operates in a pulsed mode, and there are fast transient processes leading to local surface heating of the materials of the first wall. In the case of using thermocouples, there is a performance problem, when a millisecond range is needed (microsecond range in the case of studying instabilities and disruptions). There are also restrictions on the placement of a sensor in the immediate vicinity of the surface of materials that receive the heat load. It is also very difficult to measure the temperature distribution on the surface of the material with a high spatial resolution, which requires the placement of a large number of sensors. In addition, under the conditions of the KTM tokamak, there are design limitations associated with the presence of a movable divertor table, which makes it almost impossible to place sensors and probes with signal lines on the divertor.

Optical thermometry methods do not require contact of a sensor with a body which temperature is being measured, and therefore can be used where the use of contact methods is difficult. IR thermometry methods can measure very high temperatures. When using a thermal imaging camera, it is possible to determine the temperature distribution pattern on the material surface with high spatial resolution. In this case, the measurement can be made with high speed. The methods are well applicable for measuring the surface temperature of bodies with an emissivity close to that of a blackbody, as well as for its predetermined value. On tokamaks, the methods of non-contact IR thermometry were successfully used to measure the temperature of graphite [8 - 10], installed as a material of the first wall, since its emissivity is close to 1.

At the same time, the use of a metal first wall leads to the problem of accurate measurement of the temperature of its surface by optical thermometry methods. This is due to the fact that metals are not "black" bodies, have a low emissivity, which often depends on temperature [11, 12]. Also, the emissivity depends on the state of the material surface and can change over time, both due to surface modification under the impact of plasma irradiation and due to the deposition of dust particles on the surface of the material itself, or, for example, beryllium particles on divertor plates made of tungsten. In this case, the measurement error can reach tens of percent, especially in the high temperature range.

To solve the problem of changing emissivity of a metal during heating of the surface and changing its state, a special two-color pyrometer is being developed for the ITER, using the principle of pyroreflectometry [13]. This method is at the R&D stage. One of the disadvantages of the developed diagnostics is that the temperature is measured only at one spatial point. However, there are strong temperature gradients on the surface of the metal first wall and the divertor due to the uneven effect of high-temperature plasma fluxes; therefore, the development of a method that makes it possible to measure the spatial temperature distribution on the surface of the first wall elements is extremely important.

To observe the temperature distribution on the surface of the test samples placed on the KTM divertor, our research group developed an IR imaging diagnostics based on a thermal imaging camera [14 - 16]. This diagnostic also has the problem of the accuracy of measuring the temperature of metals, indicated above.

To solve the problem of measuring the temperature of the metal surface of the first wall, the working group of the project proposed an original method for determining the temperature distribution pattern using a thermographic camera and an IR laser. The idea of the proposed method was first reported in 2017 at the IAEA technical meeting [17] and the international congress of scientists and engineers [18].

The proposed method combines the principle of pyroreflectometry and non-destructive control. Pulsed laser radiation is projected onto the body surface in the field of view of the IR camera. The pulsed laser radiation incident to the surface of the measured body partially reflects from it. Since for opaque bodies there is a direct relationship between the emissivity ε and the reflectivity ρ, then from the change in the power of the reflected laser radiation during heating of the body with respect to the initial reflected power in the absence of heating, it is possible to determine the change in the reflection coefficient and, accordingly, the change in the emissivity of a body. An infrared laser with a stabilized radiation power is used for measurements.

The advantage of the proposed method, in the future, is the possibility of measuring a two-dimensional temperature field on the surface of the test materials in the KTM tokamak. In addition, the use of a CO2 laser will make it possible to diagnose the surface condition (reflectivity / emissivity) of the tested material throughout its entire life cycle in the installation.

The scientific novelty of the work under the grant described in this report is that for the first time in the world a method for thermographic measurements of the metal surface of candidate materials of the first TNR wall using pulsed radiation of an infrared laser to measure the emissivity of the material and corresponding correction of the IR camera readings is substantiated and developed.

At the first stage of work under the grant in 2018, a computational and analytical substantiation of the proposed method using a thermographic camera and an infrared laser was carried out with the development of an optical measurement scheme with its testing under laboratory conditions. Also a vacuum stand was prepared for experimental testing of the method with using a high-temperature ohmic heater. The obtained results of the work are presented in [19, 20].

At the second stage of work under the grant in 2019, experiments were carried out to test the measurement technique on a vacuum bench using a high-temperature heater. The preparation of the TB PBF for the experimental test of the measurement technique was carried out and the corresponding experiments were carried out. To synchronize the operation of the IR laser and the camera in order to improve the measurement accuracy, a special device was developed – a synchronizer. The results of the 2019 stage are presented in [21-23].

The practical significance of the work on the third stage of the Project is that the final experiments were carried out to test the method of thermographic measurements on the benches and the adaptation and implementation of the method on the KTM tokamak were carried out. Based on the results of the work, scientifically grounded recommendations were given on the use of the method on the KTM.
The goal of the third stage of work under the grant in 2020 is to complete the bench testing of the measurement method and make its adaptation and implementation at the KTM tokamak.

Objectives of the third stage of the project:

· carrying out experiments to test the method of thermographic measurements on benches with heating of samples ohmically and with a beam of charged particles,
· development of a calibration procedure for diagnostics of IR visualization on KTM in situ,
· adaptation of the measurement method to the conditions at the KTM tokamak,
· experimental adjustment and development of the measurement method at KTM.
This report presents the results of the work on the Project in 2020. The results of the work performed on the project are presented in publications (APPENDIX A). The work was carried out in accordance with the schedule (APPENDIX B).

The total number of Project executors is 20.
MAIN PART
1 Experiments on adjustment and testing of the measurement method
1.1 Experiments to improve measurement accuracy
As part of the work of a phase of the 2019, a check test of the operation stability of the CO2 L3S laser manufactured by Access Laser, used as a source of external IR radiation, was carried out. According to the test results, it was found that maximum deviation of the laser radiation power reaches 10%. Whereas instability of the radiation power declared by the manufacturer is 2%. Figure 1 shows the connection diagram of the laser assembled with the RF driver, temperature controller and driver power supply.
	
[image: image1.png]




	Figure 1 – Outer view of CO2 L3S laser with TC2 temperature controller


Increased stability of the laser radiation power is ensured by controlling and maintaining the temperature in the laser resonator at a constant value. Temperature stabilization is provided by the TC2 temperature controller, which ensures irradiation power instability in the range of ±2 %. A thermocouple is built into the laser casing to measure the resonator temperature. A stable laser temperature is maintained by four fans installed on the radiators of the laser casing. The TC2 controller adjusts the temperature by turning the cooling fans on or off to stabilize laser temperature, thereby achieving both power and wavelength stability.
To synchronize the triggering and control of the laser, a specially designed synchronization unit is used - a synchronizer. Control signals (TTL pulses) from the synchronizer are sent to the HF laser driver. For synchronization with the camera, signals from the internal generator of the thermographic camera are sent to the synchronizer.

To make measurements and test the proposed measurement method, output pulse duration of the synchronizer for controlling the laser was set equal to 3 ms. The actual measured output pulse width was 3.3 ms. At the same time, there is an instability of the output pulse duration within 50 μs, which, with a pulse duration of 3.3 ms, gives a dispersion of the power of the laser pulsed radiation within 1.5%. Thus, maximum deviation of the laser radiation power from the given value should vary within 3.5%. However, according to the measurement results, the actual deviation value reached 10%.

To analyze the possible reasons for the increased instability of the laser operation, the TC2 temperature controller was calibrated. For this, reference temperature values were delivered to the controller input using the FLUKE 725 calibrator. As a result, it was found that cold junction compensation in the used temperature controller TC2 does not work correctly. This fact most likely, leads to an increased inaccuracy of laser power stabilization.

During long-term operation of the TC2 temperature controller, due to heating of the power elements of the controller, temperature inside the casing rises. As a result, temperature sensor connector heats up and generates a false signal. The temperature regulator, assuming that laser is heating up, turns on cooling fans, which leads to a violation of the laser stabilization. Figure 2 shows the casing of the TC2 temperature controller with internal elements.
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	Figure 2 – General view of the casing of TC2 temperature controller


To increase the laser radiation power stability, it was decided to replace TC2 temperature controller with an industrial meter–regulator the OWEN TRM 202. The outer view of the TRM 202 meter-regulator is shown in Figure 3
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	Figure 3 –ТRМ 202 meter-regulator


The device is designed to measure and automatically control temperature (when used a thermocouple or resistance thermometer as sensors), as well as other physical parameters, values of which can be converted by sensors into a unified signal of direct current or voltage. Information about any of the measured parameters is displayed on the built-in digital indicator. The device complies with GOST R 52931–2008 and belongs to products of the state system of industrial devices and automation equipment. The device is registered in the State Register of Measuring Instruments.
In laboratory conditions experiments were carried out to measure the stability of the laser radiation power using the TRM 202 meter-regulator as a temperature controller. Figure 4 shows the layout of equipment on the optical table during measurements.
[image: image4.png]



1 – power source; 2 – СО2 laser; 3 – IR camera; 4 – laser driver; 
5 – ТRМ 202 meter-regulator; 6 – synchronization unit
Figure 4 – Layout of equipment for measuring the stability of laser radiation
During the experiment the CO2 laser was operated in a continuous mode for at least one hour until the laser temperature stabilized. At the same time the room temperature was controlled so that it did not exceed the operating temperature of the laser itself. The room temperature was measured and controlled using FLUKE-287 digital multimeter. To check the stability of the laser radiation power, measurements were carried out every 2 minutes for one hour. At the same time, the range of deviation from the set temperature value for the regulator operation was set within ± 0.1 °С.

The stability of the laser was measured by the power of the reflected laser radiation, which was determined from the measurements of the IR camera. In this case, the power of the reflected laser radiation was determined as the average value over the sum of the power of IR camera pixels by the spot of laser radiation incidence. In addition, control measurements of the laser operation stability were carried out using the standard TC2 controller. Figure 5 shows the power curves of the reflected CO2 laser radiation in the stabilization mode using the standard TC2 temperature controller, as well as with the TRM 202 meter-regulator.

[image: image5.emf]
Figure 5 – Time dependence of the reflected power of laser radiation in the stabilization mode using the TRM 202 and TC2 controllers
As Figure 5 shows, when using the TRM 202 controller, maximum deviation of the laser radiation power from the average value lies within 5%. At the same time, when using the standard TC2 controller, the deviation reaches 10%.
Thus, the measurement results confirmed the assumption about the effect of heating the TC2 controller connector on the stabilization of the laser operation. For subsequent experiments on the measuring method testing, the ТRМ 202 was used as a temperature controller.
1.2 Testing of the scheme and modes of measuring the reflected laser radiation power using an optical homogenizer
A feature of the operation of all lasers is associated with the inhomogeneity of the radiation power profile. The laser beam has an uneven radiation power profile along the beam radius with one or more peaks. The inhomogeneity of the laser radiation power profile leads to the presence of points with a high radiation power density in the image of the IR camera. In fact, this manifests itself in the presence of several points of reflected laser radiation in the image from the IR camera with a very high temperature value, which may even exceed the maximum measurable temperature range of the IR camera. This effect is significant when using metal targets with a high reflectivity. This can lead to failure of individual pixels of the IR camera matrix.

To obtain a uniform profile of laser radiation, or at least reduce its inhomogeneity, a laser radiation homogenizer model HM-271-A-Y-A manufactured by Holoor, Israel was purchased. This laser homogenizer is a diffractional optical element. Table 1 shows the main technical characteristics of the homogenizer.

Table 1 – Main specifications of HM-271-A-Y-A homogenizer
	Name
	Value

	Laser wave length
	10.6 μm

	Minimum diameter of input beam
	5 mm

	Homogenizer material
	ZnSe

	Item size
	25.4 mm

	Thickness
	3 mm

	Output beam shape
	Square

	Divergence angle
	20х20˚

	Transmission efficiency
	close to 100 %


Figure 6 shows the outer view of the HM-271-A-Y-A laser homogenizer in the frame.
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	Figure 6 – HM-271-A-Y-A homogenizer of laser radiation


As part of the proposed method for thermographic measurements testing in laboratory conditions, the optical measurement scheme was adjusted using a homogenizer. The setting and adjustment of the optical measurement scheme was carried out. Figure 7 shows the layout of equipment on the optical table during setting up.
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	Figure 7 – Layout of equipment for testing the measurement scheme


A graphite plate was used as target. Figures 8, 9 show examples of thermal images from the IR camera during laser irradiation of the target, respectively, without and with the use of a homogenizer.
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	Figure 8 – Thermal image of the target without homogenizer
	Figure 9 – Thermal image of a target using the homogenizer


Figure 9 clearly shows that after installing the homogenizer, the beam shape changes and becomes square.
After installing the laser homogenizer in the optical scheme, experiments were carried out at different distances between the laser, homogenizer and target, as well as at different levels of laser radiation power. The laser operation modes were selected to carry out measurements on the TB PBF and preliminary adjustment of the optical measurement scheme was carried out in accordance with the planned layout on the TB PBF.
1.3 Experiment at the TB PBF
After improving the stability of the laser radiation power and installing the homogenizer, an experiment was carried out to test the measurement method at the TB PBF. Figure 10 shows the experiment scheme at the TB PBF.
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	Figure 10– Scheme of thermographic measurements at the TB PBF


The TB PBF’s vacuum chamber is small with restricted number of branch pipes and viewing windows. СО2 laser is mounted on the backside of the vacuum chamber. A rotating mirror provides hitting of the laser beam on a target. The homogenizer is located at the entrance to the viewing branch. Figure 11 shows layout of the measuring equipment on the TB PBF.
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1 – homogenizer, 2 – СО2 laser
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	a) laser location
	b) IR camera location

	Figure 11 – Layout of the equipment on IS PBI


A high purity tungsten plate 1.5 mm thick and 10 mm in diameter was used as a sample. Figure 12 shows the tungsten sample.
	
[image: image13.jpg]




	Figure 12 – Outer view of tungsten sample


After mounting the sample in the TB PBF vacuum chamber, vacuum pumping was carried out to a residual pressure of 10-6 Torr. The sample was heated by an electron beam.

The maximum heating temperature of the sample was about 1600 ºС. The sample temperature was controlled using a HA thermocouple from the backside of the sample. Due to high temperatures, the IR camera data were recorded in the third temperature range of measurements (300–2000 ºС), measurements were carried out with a data recording frequency of 200 Hz at a resolution of 640x120 pixels. After the preparation of the TB PBF, installation of the measuring equipment, adjustment and setting up of the optical transmitting/receiving path, experiments were carried out to test the measurement method. One of the advantages of experiments on such bench is possibility of heating samples to temperatures above 1000 °C. Figure 13 shows an example of a thermal image from a thermographic camera, without and with external laser radiation, respectively.
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а) without external laser radiation
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b) with external laser radiation

	Figure 13 – Thermal image from the thermographic camera of the irradiated sample inside the TB PBF


Figure 14 shows obtained experimental results in the form of dependence graphs of the relative change in the reflectivity and power of the reflected laser radiation in accordance with equation (2). As Figure 14 shows, the graphs of the dependences have close values and lie within the existing inaccuracy of laser radiation power stabilization.

	[image: image16.png]Percent, %

70
60
50
40
30
20

N,

L 7

800 1 ll)() 1200

14

Temperature, °C

=——dpi/p0 == dWref/Wref0







	Figure 14 – Relative change in reflectivity and power of reflected laser radiation


The reflected laser power was determined as average value over incidence spot
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Figure 15 shows graphs of changes in the reflectivity and emissivity, calculated by the considered method of thermographic measurements.
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	Figure 15 – Change in reflectivity and emissivity, determined by the considered method


Figure 16 shows the graphs of the sample heating temperature obtained from the measurements of the thermographic camera without correction (initial value of the emissivity is constant) and with the correction according to the proposed method in comparison with the actual heating temperature.
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	Figure 16 – Sample heating temperature measured by IR camera without and with correction in comparison with the actual heating temperature


The actual heating temperature of the front side of the sample was recalculated according to the thermal model based on the measurements of the thermocouple installed on the back side of the sample.

In general, as can be seen from the data in Figures 14, 16, there is quite close agreement of the measured results of the change in the reflection coefficient by the proposed method and by the measurements of the thermocouple. Figure 16 also shows that when the temperature reaches about 1000 °C, a difference appears between the measured temperature without correcting the camera measurements and using the correction. In this case, difference increases with increasing temperature. This is due to the rapid increase in the change in the reflectivity (emissivity), which is clearly evident from Figures 14, 15. Up to a temperature of about 1000 °C, there almost was no any change in reflectivity or it was insignificant and did not exceed 5 %, which was within the measuring error.
The maximum difference in temperature measurement of the thermographic camera without and with correction was about 400 °C, which equals to 35 % measuring inaccuracy.
The emissivity almost did not change when the sample was heated up to 1000 °C; however, with a subsequent increase in temperature, a noticeable change is observed, which manifests itself in a decrease in emissivity and in a corresponding increase in reflectivity. Apparently, this is due to noticeable changes occurring on the material surface. It can be assumed that two processes occur: first of all, the surface roughness decreases under the action of electrons, and an additional effect of surface cleaning occurs. This statement is supported by the fact that after the experiment, upon visual inspection, the sample became lighter in comparison with the initial state. Figure 17 shows a sample before and after the experiment at TB PBF.
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а) before irradiation
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b) after irradiation

	Figure 17 – Sample of tungsten at TB PBF


A change in the emissivity of the sample also indicates a change of the surface under the electron irradiation impact. The sample roughness decreased from <Rz> = 38 μm to              <Rz> = 32 μm. It can be concluded that in the experiment, the effect of the surface state on ε was predominant in comparison with the temperature effect.
1.4 Experiments at the bench with an electric heater
At the work phase of 2019, experiments were carried out with heating the samples with a high-temperature heater in a vacuum at a residual gas pressure in chamber of about 10-5 Torr. In this case, maximum heating of the samples was about 700 °C. As a result of heating the samples actual change in emissivity did not exceeded 5 %, which lies in the range of measurement accuracy of the considered method.
At this stage, it was decided to conduct another test using an electric heater with heating the sample in an atmosphere.

Figure 18 provides layout of the equipment on the bench with electric heater.
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	1 – IR camera; 2 – CO2 laser; 3 – homogenizer; 4 – heater

	Figure 18 – Layout of the equipment on the bench with electric heater


For the experiment, high purity tungsten sample annealed at TB PBF was taken.

When the sample was heated in the atmosphere, maximum achieved temperature was  460 °C. Figure 19 shows the measurement results of the relative change in the reflectivity and power of the reflected laser radiation.
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	Figure 19 – Relative change in reflectivity and power of reflected laser radiation


As Figure 19 shows, with an increase in the temperature of the sample over 400 °C and heating to the limiting value of 460 °C, sample reflectivity decreases and corresponding increase in the emissivity occurs. Most likely, in this case, decrease in the sample reflectivity was due to surface oxidation. Visually, it is demonstrated as a change in the color of the sample. Figure 20 shows a sample before and after heating.
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	a) before heating, at room temperature
	b) after heating

	Figure 20 – Tungsten sample during heating with electric heater


As can be seen, sample turned black after heating. After the temperature dropped below 400 °C, there almost was no any change in the emissivity.

From a comparison of the curves in Figure 19, it can be seen that they are similar, however, the value of change in the reflected laser radiation power is 10% less than the change in reflectivity. This can be explained by different in the operating range of the camera and at the laser wavelength integral values of the reflection coefficient of the sample after oxidation.

2 Adaptation and implementation of the thermographic measuring method on the KTM tokamak
2.1 Development of calibration method of IR imaging diagnostic in situ
A special device was designed to carry out operational adjustment, testing and calibration of the thermographic camera at the workplace during the experimental campaign at the KTM tokamak.

Figure 21 shows a scheme of thermographic measurements on the KTM Tokamak by IR imaging diagnostic. As Figure 21 shows, heating temperature of the in-chamber elements is monitored from the vertical track port. There are the divertor table and a part of PSC within the vision of the IR camera.
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	Figure 21 – Scheme of thermographic measurements on the KTM Tokamak
	Figure 22 – PSC with graphite tiles


Since the divertor table of the KTM Tokamak is a movable device, it is extremely difficult to place any elements on its surface with measuring and power supply lines. In this regard, the option of placing the device for calibration on the PSC was considered. Figure 22 shows a cross-section of the PSC with graphite tiles mounted on it.

It was decided to use the electric heater with a graphite plate placed on its surface as a calibration device. The choice of graphite is due to the fact that its emissivity is close to 1.  Figure 23 shows a sketch of the device for calibration.

	

	Figure 23 - Sketch of the device


The design of the device is a stainless steel frame on which a flat electric heater and a graphite plate are mounted. It was decided to place the device instead of one of the lower tiles of the PSC.

Figure 24 shows the assembled device and its components separately. 
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	а) elements of the device
	b) assembled device


Figure 24 – The device for IR camera calibration
The design of the device is based on the KTM tokamak standard graphite tile with a mount. The design of the standard mount has been adapted to place the electric heater without changing outer dimensions of the tile.

A flat electric heater ENPlM [25] is used to heat the graphite plate. The heater has a built-in thermocouple to control heating temperature. Heater power and thermocouple signal lines are made of vacuum compatible materials.
Figure 25 shows a picture of the device installed inside the vacuum chamber on the PSC.
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	Figure 25 – Calibration device installed inside the KTM vacuum chamber on the PSC


	


After the device was manufactured, experiments were carried out with a device installed inside the KTM VC and with IR imaging diagnostics. To measure the heating temperature of the graphite plate surface, an additional Cr/Al thermocouple was also placed on the plate surface (Figure 25). 

During the experiments, a residual level of gas pressure in the vacuum chamber of the order of 10-6 Torr was ensured. The thermocouple measurements were recorded using a TRM 202 temperature meter-regulator. Signal lines from thermocouples and power lines are output through hermetic connectors installed in one of the DN 320 divertor ports.
Figure 26 shows a thermal image of the heated device obtained from the IR camera.
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	Figure 26 - Thermal image of the device from the IR camera


Based on the results of the experiment, dependence of the heating temperature of the graphite plate and the heater was constructed. Figure 27 shows the resulting curve of the dependence of the graphite plate surface temperature on the heater temperature.
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	Figure 27 – Graphite plate surface temperature dependence on heater temperature


2.2 Adaptation of the measurement method to the conditions of the KTM tokamak
To adapt and implement the proposed measurement method on the KTM Tokamak in accordance with the proposed measurement scheme, a technical analysis was carried out on the layout and structural arrangement of the equipment at the KTM. Figure 28 shows a sketch of the IR camera placement. As shown in [20], to ensure the IR camera operation using a magnetic shield, it must be removed outside the toroidal field coil, as shown in Figure 28. In this case, taking into account the use of a magnetic shield, magnetic field will be reduced to an acceptable value of 50–100 Gs.
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	Figure 28 – Sketch of the IR camera placement for thermographic measurements on the KTM tokamak
	Figure 29 – Assembly drawing of flange connection of track sight glass with protective shutter


To ensure monitoring of the divertor by the IR camera with this placement, viewing window with an increased size of 220x50 mm was developed. To protect the viewing window from dusting during the technological preparation of the VC, a special protective shutter is provided in the design. Figure 29 shows the design of the flange connection of the viewing window with the shutter. A special high-vacuum manipulator is used as a drive for the shutter. The viewing window is made of zinc selenide (ZnSe) with dimensions of 265x35x12 mm. Figure 30 shows a picture of the viewing window.
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	Figure 30 – ZnSe viewing window for thermographic measurements at KTM


To organize the irradiation of the studied materials, the laser beam can be inputted into the vacuum chamber into the observation area of the IR camera in two ways: through the same viewing port or through an adjacent viewing port.
In order to control the entire heating region of the divertor, a laser radiation homogenizer was purchased, which converts the input laser radiation into the output one in the form of a line. Such a transformation, due to the radial symmetry of the KTM facility and the plasma fluxes on the divertor, will allow monitoring the change in the emissivity of the samples installed on the divertor. Figure 31 shows the outer view of a laser homogenizer with a linear output beam installed in the frame. HM-289-A-Y-A diffractive optical element manufactured by Holoor, Israel is used as a homogenizer. Table 2 shows the main technical specifications of the homogenizer.
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	Figure 31 – Laser homogenizer with linear output beam


Table 2 – Main specifications of homogenizer HM-289-A-Y-A
	Name
	Value

	Laser wavelength
	10.6 μm

	Minimum diameter of the input beam
	4 mm

	Homogenizer material
	ZnSe

	Item size
	11 mm

	Aperture
	9.2 mm

	Thickness
	3 mm

	Output beam shape
	Linear

	Divergence angle
	9.97 deg.

	Transmission efficiency
	100%


Thus, technical measures were taken to ensure the installation and implementation of the measurement method on the KTM Tokamak.
2.3 Experimental adjustment and testing of the measurement method at KTM
To carry out experiments at the KTM tokamak, a corresponding installation of equipment was carried out at the facility. Figure 32 shows a picture of equipment layout at KTM.
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	1 – IR laser; 2 – IR camera with magnetic shield; 3 – rotary mirror; 4 – homogenizer; 5 – viewing window

	Figure 32 – Equipment layout of thermographic measurements at the KTM Tokamak


During works at the KTM Tokamak, experiments were carried out to obtain a circular plasma with a current up to 200 kA and a discharge duration of 100–200 ms. There are almost no heat fluxes and corresponding heating of the divertor elements with such a configuration and plasma parameters. Thus, additional experiments on measuring the heating temperature of the divertor elements and testing the method directly on plasma experiments, due to circumstances beyond the authors' control, could not be carried out.

	Figure 33 shows a thermal image obtained from an IR camera with its standard location in accordance with the measurement scheme. Figure 33 shows reflected laser radiation obtained using a linear homogenizer. As can be seen, the laser radiation is line-shaped.
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	Figure 33 – Thermal image on KTM


Thus, all the necessary technical measures were taken to test the method at the KTM tokamak. The measuring equipment was mounted on the KTM Tokamak, it was tuned and adjusted. The installed equipment is ready for researches on measuring the heating temperature of the test materials on the divertor in plasma experiments.
3 Recommendations for using the measurement method on the KTM Tokamak
As a result of the work, the proposed method of thermographic measurements was adjusted and tested. The method is intended to improve accuracy of surface temperature measurements of test materials at the KTM Tokamak by monitoring the change in the emissivity and making the appropriate correction of the temperature measurements of the thermographic camera.

An experimental testing of the measurement method was carried out at benches with an ohmic heater and on an TB PBF with sample heating by an electron flux. As a result of the experiments, data were obtained that confirmed the efficiency of the proposed method. In experiments on the TB PBF, the proposed method showed its efficiency not only when the degree of emissivity changes due to temperature changes, but also when the surface of the studied material is modified, which demonstrated its versatility.

Based on the results, following recommendations were formulated for the application of the developed measurement method:

· maximum value of the temperature measured by the IR camera should take into account the presence of an additional signal from external (laser) radiation,

· operating frequency of the IR camera and the emitter is selected in accordance with the expected rate of change in temperature of the object (the faster the temperature changes, the higher the operating frequency is needed). Meanwhile, maximum frequency of the external IR emitter should not exceed 20 Hz, which is associated with the inertia of the detector of used thermal imaging camera. The duration of the external IR radiation pulse should not exceed the frame exposure (5 ms), 

· as an external IR emitter, a source with a radiation spectrum lying in the operating spectral range of an IR camera (7.5 - 14 μm), with sufficient power and stability of radiation, and with the possibility of organizing pulsed periodic operation can be used. The power of the emitter is selected in accordance with the maximum temperature to be measured on the body surface.

· a laser radiation homogenizer is used to improve the accuracy of change control in the of emissivity of an object. The use of a homogenizer also makes it possible to control the change in the emissivity over a larger surface area of the object,

· the developed measurement method is suitable for objects, the emissivity of which varies in the range from 0.1 to 1.

CONCLUSION
Within the framework of the project "Development of a technique of thermographic measurements of the first wall candidate materials surface of future fusion reactors and implementation of the technique on KTM tokamak", the following works were performed in 2018–2020:

· a computational and analytical substantiation of the proposed method of thermographic measurements,
· adjustment and testing of the optical measurement scheme,

· development of the device for controlling and synchronizing the operation of the CO2 laser and the IR camera,
· experiments to test the measurement method on the benches with heating samples with an electric heater, as well as with a beam of charged particles,
· adaptation of the measurement method for implementation at the KTM tokamak,
· experimental tuning and testing of the measurement method on the KTM tokamak,

· the analysis of the obtained results was made and recommendations for using the method on the KTM tokamak were given.

Thus, as a result of the implementation of the Project, in accordance with the schedule, all the objectives have been successfully achieved. Based on the results of the work, for the first time, a method for thermographic measurements of the metal surface of candidate materials of the TNR first wall using external pulsed infrared radiation to measure the emissivity of the material and the corresponding correction of the readings of the thermal imaging camera was substantiated and developed. The test results have demonstrated its applicability and performance. The method was adapted and implemented for use at the KTM tokamak. The main ideas and approaches of the proposed method were reported at the leading international thermonuclear fusion and noncontact thermometry conferences. The results of the work have been published in Kazakhstani and Scopus and Web of Science scientific journals with non-zero impact factor. A patent of the Republic of Kazakhstan for a method of thermographic measurements was issued and received (APPENDIX C).
The developed method of thermographic measurements can be used on other fusion installations, as well as in industry.
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-3a 2020 rox: Gyaer MPHOGPETENO OGOPYAOBANHC, KOMIIGKTYIOE i
MATCPHAILE; GYACT TIPOBE/LEHA SKCIEPHMENTTLHAS OTPAGOTKA METOUIKH U3NCpCHIA
A CTeniax MpH OMIMECKOM HATpEBE OGPISIOB, @ TAKKC MYIKOM IPKCHHEX
“acTHU; GYACT MPOBEENA OKCIICPHMEHTATbHAS OTPAGOTK CIIOCOGA Ha TOKAMAKS
KTM; GyteT poBeneia NOATOTOBK K TIpOBeeHMio SKcrepumeiton 1ia KTM; 6yayr
~nposezeitit oKcrephnientst a KTM; Gyter paspaGoTana Meroka kauGposki MK
BUsyaTHSaH in Situ; GYAT paspaboTaKo YCTPOHCTBO M METOR Ui NPOBCZCHA
KamGposkn Anarnoctmar MK swsyamwsamin na BK KTM; Gyier npomenea
NpOBEpKa PAGOTOCTIOCOBHOCTH METONHKH KATHOPOKI; GYAYT BHAQHH HEYHHO
oBoCHOBINHLIE PEKOMEAAINMN 0 WCTOTH3OBANHIO. PAIpAGOTAHNORO CriocoBa Ha
toxavaxe KTM; Gyayr onybaKopansi 2 CTATsH B DEIICHIMPYCMBIX 3apyGekHoM
HayuHOM WA, HIACKCHpYeMoM B Gasax fanmsx Web of Science wii Scopus ©
HelyJICRLIM HMaKT-GaKTOPON; Gy €T O/aHa SAABK Ha HSOGPCTCHHE.

2.4 TarcutocnocobmocTs: byzer moxana saska Ha usobpereine B PITI
«Hamptonan KLl MHCTHTYT METeNNCKTYANsHOH COGCTBENNOCTHY MuHCTEpCTS
tocTuan PecryGnik Kasaxcrai.

2.5 Haysmo-Texiieckui yposests (#omsma): Briepssie paspaGarnisactes n
BHEAPACTOR CII0COB TEpMOrpAHECKIX H3MepEHHil METAITHYCCKOI! TIOBCPXHOCTH
KAIUIATILX MaTCPHATOR TepROi CTeHKH TAP ¢ HCMOTB3OBAHHEM HMITYTECHOTO
usaycius CO Na3epa /U HIMEPEHHS HSNCHCHHS WSIYSQTEMLHO GriogobHocTH
NaTepiAIa 1 COOTBOTCTRYIOMEH KoppeKiui nokasanii UK. TepworpadiiceKoii
Kavepi

2.6 Vcriomsaonanmie  HaysHO-TEXHHHECKOH  NPOAYKUMH  OCYIECTRISETCS:
Henommresen.

2.7 Buxt HCNOAB30BANIS PEsyNSTATA KAYHHOM 1 (WIH) HaydHO-TeXHIIeCKOH
esenuioc:  PaspaGoTanibili ClI0COD Gy[eT WCHIOISSOBATSCA UIA TOMHORO
TIpOCTPANCTACHHOTO  TIMCPEHHS  TEMICPATYpH  HQIPeBA  MCTALIMMECKOH
HOBEPXHOCTH  KAHWIGTHEIX MATEPHATOB TepBOi CTEHKH 0L BOIICHCTBHEM
TemioBbiX ToTokod miasMsl Ha Toxaake KTM. Jlammiit crocod mower
HCTOTL0BATECH H 1A APYFHX YCTaHOBKaX YTC, 5 TOM uwcie 1 Ha ToKaake HTOP,
COMIABARMOM B HACTORILEE BEMS MCAKIYHAPOLHBIM COOGUICCTHOM BO (pari.

3. Hanvenosanue pagoT, CPOKH HX PEATHSAIIH U Pe3yTHTATHE

iiwgp | Fanvenonamne paor w0 | _Cpox sumomenin
sananng, | Jloronopy w osuomtte Tam o Oaacwnih peyaLTaT
rama ero mumo e
T Tiposcern oo | mapn | _amper [ Byier _ nposeiio
reapermecroe obcctosamne| 2018 rora | 2018 o |pacserso-Teopenccroe
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e —
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T [Pacwemommmmicstos s | wapr [byrer  mposcrcio)
cocnomame . nenomsosans| 2018 rora | 2018 roma | pacrerio-anasecsoe
| lipemaraevoro cnocose oboconae
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Work schedule

TECHNICAL SPECIFICATION AND SCHEDULE

under Contract No.____d/d___________2018

1. Republican State Enterprise on the basis of economic control rights “National Nuclear Center of the Republic of Kazakhstan” Ministry of Energy of the Republic of Kazakhstan

1.1 On precedence: Energy and mechanical engineering;

1.2 On sub-precedence: Alternative energy and technologies: renewable energy sources, nuclear and hydrogen energy, other energy sources; 

1.3 On the Project subject: AP05133148 “Development of Thermographic Measuring Method of candidate material surface of TNR first wall and its implementation on the Material Testing KTM Tokamak”;

1.4 Total Project budget: 23 947 120 (twenty three million nine hundred forty seven thousand one hundred twenty) tenge including break down by years to implement the works according to paragraph 3;

 - for 2018 – 8 000 000 (eight million) tenge;

 - for 2019 – 8 109 672 (eight million one hundred and nine thousand six hundred and seventy two) tenge;

 - for 2020 – 7 837 448 (seven million eight hundred thirty seven thousand four hundred and forty eight) tenge.

2. Characterization of scientific and technological products on qualifications and economic indicators


2.1 Focus area: Controlled thermonuclear fusion (CTF);


2.2 Sphere of application: CTF installations, thermography;


2.3 End product: 


- for 2018: calculation and theoretical justification of the possibility to use proposed method will be carried out; analysis of the calculation results will be carried out; a measurement scheme will be developed using a thermographic camera and CO2 laser; selection and development of an optical measurement scheme will be carried out; testing of the scheme and measurement modes in laboratory conditions will be carried out; a vacuum test-bench for experiments will be prepared; experiments will be carried out on the PBI; analysis of obtained results on the test-benches will be carried out; one article will be published in a peer-reviewed Kazakhstani scientific journal with a non-zero impact factor;


- for 2019: preparation and adjustment of test-benches for testing the measurement method will be carried out; plasma-beam installation (PPI) will be prepared for experiments; experiments will be carried out on a vacuum test-bench; one article will be published in a peer-reviewed foreign scientific journal with a non-zero impact factor; 


- for 2020: equipment, components and materials will be purchased; experimental testing of the measuring method on the test-benches with ohmic heating of samples, as well as with a beam of charged particles will be carried out; experimental testing of the method will be carried out on the KTM Tokamak; preparation for experiments at KTM will be carried out; experiments will be carried out at KTM; a method for in situ IR imaging calibration will be developed; a device and method will be developed for calibrating the diagnostics of IR imaging at the KTM VC; functionality test of calibration method will be carried out; scientifically grounded recommendations will be issued on the use of the developed method on the KTM Tokamak; two articles will be published in a peer-reviewed foreign scientific journal indexed in the Web of Science or Scopus databases with a non-zero impact factor; an application for an invention will be submitted.


2.4 Patentability: an application for invention will be submitted to the RSE “National Institute of Intellectual Property” of the Ministry of Justice of the Republic of Kazakhstan.


2.5 Scientific and Technical Level (novelty): For the first time, a method of thermographic measurements of the metal surface of candidate materials of the TNR first wall using pulsed radiation of CO2 laser to measure the change in material emissivity and corresponding correction of IR thermographic camera readings is developed and implemented.


2.6 Application of scientific and technological products is implemented by: Contractor;


2.7 Use of the outcomes of scientific and (or) scientific and technical activities: The developed method will be used for accurate spatial measurement of heating temperature of the metal surface of the candidate materials of the first wall under effect of plasma heat fluxes on the KTM Tokamak. This method can also be used on other CTF installations, including the ITER tokamak, which is currently being established by the international community in France.

Name of work, terms of the implementation and results

	The task, stage cipher 
	Name of Project tasks under the Agreement and main stages of its implementation
	Due date
	Expected results

	
	
	Begin-ning
	Ending
	

	1
	To make calculation and theoretical justification of the possibility to use the proposed technique
	January

2018
	April

2018
	Justification of operability of the proposed measuring technique will be made

	1.1
	Calculation and analytical justification of use the proposed technique
	January

2018
	March

2018
	Justification of operability of the proposed measuring technique will be made

	1.2
	Calculation data analysis
	March

2018
	April

2018
	Calculation data analysis will be made

	2
	Development of a measurement scheme using a thermographic camera and a carbon dioxide infrared laser
	April

2018
	July

2018
	The measuring scheme using a thermographic camera and a carbon dioxide infrared laser will be developed

	2.1
	Select and development of optical scheme of measurement
	April

2018
	May

2018
	Optical scheme of measuring will be selected and developed

	2.2
	Elaboration of scheme and modes of measuring in laboratory conditions
	May

2018
	July

2018
	Elaboration of scheme and modes of measuring in laboratory conditions will be made

	3
	Purchase of equipment, components and materials
	January

2018
	June 

2020
	Required equipment, components and materials will be purchased

	4
	Preparation and adaptation of the test benches to adjust the measuring technique
	July

2018
	March

2019
	Preparation and adaptation of the test benches to adjust the measuring technique will be made

	4.1
	Preparation of the vacuum bench for experiments
	July

2018
	November 1, 2018
	Preparation of the vacuum bench for experiments will be made. A paper in Kazakhstan peer review journal with nonzero impact factor will be published

	4.2
	Preparation of TB PBF for experiments
	January
2019
	March

2019
	Preparation of TB PBF for experiments will be made

	5
	Experimental testing of measuring technique at the test benches by both ohmic heat of samples and a beam of charged particles
	January 

2019
	October 

2020
	Experimental testing of measuring technique at the test benches by both ohmic heat of samples and a beam of charged particles will be made. Submitting materials for paper to journals «Nuclear Fusion» (Web of Science), «Fusion Engineering and Design» (Web of Science). Submitting request for invention

	5.1
	Experiments at the vacuum bench
	January 

2019
	May
2019
	Experiments at the vacuum bench will be made

	5.2
	Experiments at TB PBF
	June
2019
	November 1, 2019
	Experiments at TB PBF will be made.  A paper in foreign peer review journal with nonzero impact factor will be published

	5.3
	Analysis of the obtained results
	October
2019
	November 1, 2019
	Analysis of the obtained results will be made

	6
	Experimental testing of the technique at KTM
	January
2020
	October 2020
	Experimental testing of the technique at KTM will be made

	6.1
	Preparation for experiments at КТМ
	January
2020
	June

2020
	Preparation for experiments at КТМ will be made

	6.2
	Experiments at КТМ
	July

2020
	October 2020
	Experiments at КТМ will be made. Submitting materials as a paper to «Review of Scientific Instruments» journal (Web of Science)

	7
	Development of calibration of IR visualization technique in situ
	January

2020
	October 2020
	calibration of IR visualization technique in situ will be developed

	7.1
	Development of device and technique for calibration of IR visualization diagnostics at vacuum chamber of KTM
	January

2020
	September
2020
	Device and technique for calibration of IR visualization diagnostics at vacuum chamber of KTM will be developed

	7.2
	Functional testing of the calibration technique
	October
2020
	November 1, 2020
	Functional testing of the calibration technique will be made.  2 papers in foreign peer review journals (Web of Science or Scopus) with nonzero impact factor will be published

	8
	Issue scientifically grounded recommendations on the use of the developed technique on the KTM tokamak
	October
2020
	November 1, 2020
	Scientifically grounded recommendations on the use of the developed technique on the KTM tokamak will be made


	From Customer:                                                                                      

Chairman of the State Institution “The Committee of Science of the Ministry of Education and Science of the Republic of Kazakhstan”

__________________ Abdrasilov B.S.

     l.s.
	  From Contractor:

General Director of the RSE on the right of economic management "National Nuclear Center of the Republic of Kazakhstan" of the Ministry of Energy of the Republic of Kazakhstan

________________ Batyrbekov E.G.
     l.s.

Familiarized with:

Scientific supervisor of the project

___________________ Batyrbekov E.G.



Appendix c
RK patent for invention
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