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Effective ion charge of plasma Zeff determination by its X-ray radiation

spectrum
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A method for determining the effective plasma charge is proposed by measuring bremsstrahlung. For this
purpose, a high-temporal-resolution X-ray detector is installed on the TUMAN-3M tokamak. First values of the
effective plasma charge Zerr for an ohmic discharge, averaged over volume of the detector’s field of view, are

obtained as a function of time.
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The effective charge of plasma ions is one of the crucial
parameters characterizing a discharge and its course. Most
importantly, the effective charge value indicates the presence
of impurities that exert a negative influence on plasma
confinement. However, its precise determination still often
proves difficult. In the present study, a method for
determining effective charge based on X-ray data is detailed.

X-ray radiation detectors are used successfully to measure
tokamak plasma parameters (electron temperature, radiation
losses) and allow one to detect plasma disturbances [1-4],
and specifically determine the effective charge of plasma.
Since bremsstrahlung radiation dominates over recombina-
tion and cyclotron radiation in tokamak plasma at electron
temperatures greater than 10 eV, the following formula may
be used to calculate effective charge Zeff in hydrogen
plasma [5,6]:
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where CP is the total bremsstrahlung radiation power
collected by the detector [W], n; is the impurity density
[em~3], Z; is the impurity ions charge, C = 1.9 - 10728 is the
bremsstrahlung power spectral density constant associated
with the quasi-classical approximation for hydrogen [6]
(dimensionless), U is the detector signal [V], 4 is the
wavelength [A], T is the electron temperature [eV], g ~ 1 is
the Gaunt factor for free-free transitions in the energy region
of 0.5-10keV, n is the electron density [cm™3], Q is the
solid angle of plasma radiation reaching the sensor [sr], h is
the Planck constant [eV -s]|, and C is the speed of light
in vacuum [A/s]. Coefficient A [W/V] was calculated by
calibrating the detector against a reference X-ray source
with an energy of 12keV.

The installation diagram of the device on the TUMAN-
3M tokamak (minor radius a = 0.25m, major radius
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R =0.55m, toroidal magnetic field By = 1.0T) and its
design are presented in Figs. 1,a and b. A sensitive element
in a flanged housing was connected via a ceramic junction
to one of the tokamak ducts. The diagnostic setup was
positioned at an angle of 45° below the equator and directed
toward the center of chamber in the poloidal section without
tangential inclination. Diaphragm 3 (Fig. 1,a) with a
diameter of 2.3 mm positioned at a distance of 110 mm
from the sensitive region was used to reduce the detector
viewing angle of detector to a = 2.6°, which make it
possible to collect radiation from a small area of plasma
and use the radial profiles of density and temperature
to calculate integral (1). The smallness of the radiation
collection angle allows to present the solid angle as constant
Q =27(1—cos(a/2)) ~ 1.67-1073sr. The Zer value
from formula (1) is then obtained by averaging over the
collection area.

Beryllium foil with a thickness of 15 um (7 in Fig. 1, ) [7]
is mounted in front of the sensitive element (2 in Fig. 1, b)
to cut off radiation with an energy lower than 0.5keV. The
sensitive element was a silicon photodiode (SPD) [8] with
an active region diameter of 3.2mm and a time resolution
finer than 0.1 us.

Electron density measurements were carried out in ten
channels using a microwave interferometer. The electron
temperature at the center of the plasma column was
determined using a foil X-ray spectrometer by calculating
ratio of signals from channels with different beryllium
foil thicknesses (50 and 100um) [1]. The foil method
allowed us to determine the maximum electron temperature
within the field of view (in present case, center of the
column). Electron temperature and density at periphery of
the column were measured by Langmuir probes to establish
a continuous radial profile. The accuracy of effective charge
measurements was ~ 30%. The measurement error is
attributable primarily to the low level of useful signal relative
to noise.
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Figure 1. ¢ — Diagram of detector installation at a TUMAN-3M tokamak, poloidal section. / — Plasma column, 2 — detector field of
view, 3 — diaphragm, and 4 — detector. b — Internal structure of the detector. / — Beryllium foil, 2 — sensitive element, 3 — cap,

and 4 — flange.

Figure 2,a shows the radial profiles of density n(r) and
temperature T(r) plotted on the basis of measured points
and interpolated within several time intervals. The formulae
for interpolation were as follows:
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where a is the minor radius of a tokamak; r is a variable
coordinate; N, and T, are the boundary values of electron
density and temperature respectively; and np and Ty are
density and temperature of electrons in center of plasma
column. Parameters a and 8 were adjusted to bring profiles
(2) closer to the experimental points. The obtained values
of Zers for an ohmic hydrogen discharge are shown in
Fig. 2,b. 1t is evident that Zets varies little with time (is
about 2.2—2.8); it is slightly lower at 80—90 ms than at the
onset of the discharge (at 40—50 ms).
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Figure 2. a — Radial profiles of electron density n(r) (top) and temperature T(r) (bottom) for different time intervals. » — Plasma
parameters (top to bottom): current, loop voltage, X-ray radiation, maximum electron temperature at the center, chord-averaged electron
density, and effective charge. Discharge No. 24032706. A color version of the figure is provided in the online version of the paper.

Thus, the first results of determining the effective plasma
charge via bremsstrahlung radiation measurements in ohmic
discharge at the TUMAN-3M tokamak have been reported.
The diagnostic setup includes an X-ray detector, a filter, and
a diaphragm. The radiation collection area with a small
opening angle, as well as the sensitivity and speed parame-
ters of instrument provide an opportunity to determine the
Zqst values averaged over area. Measurements with neutral
injection discharges and verification of values against the
ASTRA code calculations are planned to be performed in
the future.
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