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Introduction 

The main purpose of investigations of the radiated power in fusion researches is providing the 

data for power balance, impurity transport and confinement issues. The conventional 

diagnostics for such investigations is the bolometer, while silicon photodiodes used on various 

fusion devices for these purposes [1-5] are rather new technique. Presently it is known two 

types of silicon detectors that are used for bolometric plasma radiation measurements – AXUV 

(Absolute eXtreme UltraViolet) and SPD (Silicon Precision Detector). AXUV photodiodes 

developed by IRD Corp. (now Opto Diode Corp.), USA, and SPD XUV photodiodes, 

developed at the Ioffe Institute in Russia, have similar and almost flat responsivity curve in 30 

eV – 10 keV energy range [6-8]. Yet it should be noticed that sensitivity in the spectral region 

below 30 eV of the photodiodes is locally reduced. The main advantages of these detectors 

besides wide spectral range are high sensitivity, fast time response and compactness that makes 

possible to arrange diodes in linear or matrix arrays [9]. In some applications the high radiation 

tolerance of SPDs compared to AXUV diodes [10] may be important. 

The latest results of radiation losses measurements on the Globus-M tokamak using various 

systems based on SPDs are presented in this paper. The experimental study of penetration of 

cold dense plasma jet into the main Globus-M plasma is discussed. The experiments were 

carried out in ohmic heating regimes and with neutral beam injection (NBI) on the compact 

spherical tokamak with aspect ratio A≈1.5, toroidal magnetic field BT≈0.4 T, plasma current 

≤0.25 MA [11,12].  

Experimental setup 

Measurements of radiative losses on Globus-M were performed by various systems based on 

SPD with preamplifiers: single-channel SPDs and the 16x16 SPD matrix array, which were 

installed inside the tokamak. SXR measurements are provided by the single-channel SPD and 
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the 1x16 SPD linear array (both were 

installed outside the tokamak) equipped 

with 50 μm beryllium foils to distinguish 

SXR radiation. 

The experimental layout is shown in Fig. 1. 

The 16x16 SPD matrix array was installed 

tangentially to the plasma column to cover 

the region of plasma jet penetration. Linear 

array of SPDs was viewing the poloidal 

cross-section of the plasma. The 

single-channel detectors have the following area of coverage: the peripheral SPD – the outer 

border of tokamak plasma, the radial SPD – along the major radius of plasma, the wide-angle 

SPD – wide angle in vertical direction trough the plasma core. 

Results 

The experimental series at the plasma current varying in the 120 – 250 kA range for densities of 

1.7x10
19

 m
-3

 and 3.5x10
19

 m
-3 

for ohmic discharges and NBI heated plasmas were carried out. 

The values of radiation losses from wide-angle photodiode are presented in Fig. 2. Radiated 

power of core plasma is decreasing with increase of plasma current. In Globus-M the 

plasma-facing components are graphite tiles, so carbon is assumed to be the main impurity. 

This decreasing could be explained by the electron temperature growth (Fig. 3), since light 

impurity radiation is reducing with temperature growth in the concerned temperature and 

density range [13]. However value of 

radiation losses from peripheral plasma is 

increasing with plasma current. It could 

indicate the accumulation of impurities at the 

plasma boundary. Besides, reduced 

sensitivity of the photodiodes could lead to 

underestimation of plasma radiation due to 

change in the energy spectrum of radiation, so 

additional study is required. 

Investigation of plasma jet penetration into 

the Globus-M plasma was performed using 

the 16x16 SPD matrix array. In the experiments a double stage plasma gun was used [14]. 

 
Fig. 1. Arrangement of SPDs on the vacuum vessel of 

Globus-M. Single-channel detectors: SPDp – peripheral, 

SPDr – radial, SPDw – wide angle. 

 
Fig. 2. Dependence of the core plasma radiation losses 

from plasma current. 
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The experiments were performed in deuterium 

plasmas, with keeping plasma current constant 

(Ip≈170 kA) and line averaged density before jet 

injection within the range of <ne>≈(1–2)x10
19

 m
-3

. 

Injection of the plasma jet with 15 μs duration was 

carried out in the radial direction of the tokamak 

during the steady state of the discharges. Hydrogen 

plasma jet parameters are: density ~10
22

 m
-3

, 

kinetic energy ~300 eV, vacuum plasma velocity 

~150 km/s. In Fig. 4 (1-5) the results of post-processing procedure of the 16x16 SPD matrix 

data are presented. The measurements have demonstrated a deep jet penetration into the main 

plasma. 

 

Owing to the high temporal resolution of the matrix array it was possible to estimate velocity of 

the plasma jet penetration into the main plasma along the major radius. In various discharges 

the measured value was in the range of 30–40 km/s. The video camera image (Fig.4, frame 6) 

shows plasma spread along magnetic lines after the plasma jet injection.  

 

After jet injection central values of density had risen twice and central values of temperature 

had dropped twice and remained at this level during the discharge (Fig. 5). 

 
Fig. 4. #33898. 1-5: Plasma jet penetration in first 8 μs observed by the 16x16 SPD matrix. The first 

snapshot corresponds to the injection moment, time space between frames is Δt=1.6 μs. Left side of the 

frame corresponds to the tokamak column, right side – outer border of the plasma. 6: image from video 

camera in 1 ms after injection. 

 

 
Fig. 5. The electron density and temperature TS profiles before (t=169.9 ms) and after (170.4 and 170.9 ms) 

plasma jet injection. 

Fig. 3. Electron temperature profiles (TS) for 

various plasma currents in ohmic discharges. 
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Several types of MHD activity on Globus-M 

were studied using unfiltered SPD and SPDs 

equipped with SXR filters – the single detector 

and the linear array. Shown in Fig. 6 the SXR 

emission and the peripheral radiated power 

display two MHD instabilities: sawtooth 

oscillations and IRE (internal reconnection 

event). During IRE large reduction in the SXR 

signal and increase in the peripheral radiation 

were observed. Besides during IRE flattening of the temperature profile – temperature drop in 

the core and increase at the plasma boundary – was found. Strong sawtooth oscillations with 

period  1 ms were revealed in plasmas with plasma currents above ~170 kA. Inversion radius 

did not exceed 9 cm. 

Conclusions 

Silicon photodiodes SPD were used for study of the radiative losses and plasma instabilities on 

the Globus-M tokamak. These experiments demonstrated opportunities of the SPD for 

investigation of fast plasma processes as plasma jet penetration and plasma instabilities. 

However in consequence of the lowered sensitivity in <30 eV region care must be taken for 

investigation of the plasma radiated power. Results of this paper have been obtained with the 

help of the Unique scientific device Globus-M spherical tokamak. The work is supported by the 

RFBR grant 14-02-31152-mol-a and Ministry of education and science of Russian Federation. 
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Fig. 6. #31960. Temporal evolution of SXR signals 

and peripheral radiation losses. 
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