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The determination of the radial distributions of the radiation emissivity of the spectral lines relating to the working
gas and impurities in the different ionization stages is an important object of the plasma spectroscopy diagnostics. The
measured radiance chord distributions of the plasma in the specified spectral lines serve as a basis to obtain the radial
distributions of the atom and ion concentrations. For the axially asymmetric magnetic surfaces in the torsatron "Uragan-
3M" (U-3M) the approach of Pearce is realized by the computer program in an interpretation of the data on the radiance
measured along the slanting lines of sight. The volumetric constants were computed with an interval between the lines
of sight equals to 1 mm along the vertical plasma diameter in the DD cross-section. Such a small step excludes the
roughness of the constants interpolation when turning to the radial distributions. The set of the 19 nested magnetic
surfaces was chosen as an optimal one compared to any other number in the range of 10-24 surfaces. The chord
measurements of the plasma volume radiance were carried out in the regular working regimes of U-3M. Using the
experimental chord distribution data, the radial distributions of the radiation emissivity of several spectral lines were
obtained: Ha, CV, CIIIL, OV, OIV, OIlI, OII, etc. In the paper the radial profiles of concentrations of C** and C* carbon

ions and hydrogen atoms in the ground and in excited states were presented found from the radiation emissivity data.

PACS: 52.55.Hc; 52.70.Kz

1. INTRODUCTION

Many spectral methods are routinely used for the
plasma diagnosing in the fusion devices with magnetic
confinement of plasma. From a radial distribution of the
emissivity of different spectral lines the radial
distributions of important plasma parameters can be
obtained such as: the concentrations of working gas atoms
and impurity ions, the ion temperature, and, in some
cases, the electron temperature (by analysing the selected
spectral lines ratios). In addition, the time evolution of the
chord and radial distributions allows to control the
behavior of the working gas, the evolution of some
plasma instabilities and to define the impurity influx
localization. The radial distributions of the axially
symmetrical sources of light are obtained usually by the
methods of the abelization, such as the solution of the
Abel equation [1] or the solution of the system of linear
algebraic equations by the numerical method of Pearce
[1, 2]. In the torsatron U-3M all the poloidal cross-
sections of magnetic surfaces are not axially symmetric.
However, for U-3M magnetic configuration the numerical
method discussed in [1, p. 182] for the non-symmetry
case (so-called, Pearce approach) is acceptable. Within
this approach, all the plasma characteristics are
considered to be the constants inside every of 19
curvilinear ring zones. Besides, it was supposed that the
presence of the plasma does not distort essentially the
configuration of the vacuum magnetic surfaces.

2. EXPERIMENTAL SETUP

As Fig.1 shows, the plasma radiation at the chosen
spectral line in the visible and UV wavelength range
passes through the side quartz window (W) centered in
the poloidal cross-section DD, which is symmetrical
relatively to the central plane. Then it passes through the
optical tract: the lens (L) d94 mm, the monochomator (M)
of a MDR-23 type blocked with the photomultiplier (PM).
The PM signal was amplified and recorded. The chord
distributions of the plasma volume radiance for each
spectral line were obtained shot by shot for several
identical discharge pulses. In the plane of the DD cross-

section (Fig. 1), the geometric axis of the helical coils
specifies the origin of coordinates, with the vertical axis
OX and horizontal axis OY. The chord distribution of the
radiance is measured along OX as a function of a chord
height h from the torus central plane. The vertical stepped
scan of the sight chords is obtained by the lens
displacement. The plasma outermost vertical coordinates
are -145 mm and +145 mm. The vertical minor radius
serves here to plot the radial distributions.

3. PREPARATION OF THE VOLUMETRIC
CONSTANTS AND CREATION OF THE RADIAL
DISTRIBUTIONS OF SPECTRAL LINE
EMISSIVITIES

The constants of the volumetric elements a;; for the DD
cross-section were prepared for the permanent use when
obtaining the emissivity radial distributions. Fig. 1*
shows the D-type ring zones, bounded by the smooth
magnetic surfaces that were calculated using the magnetic
field of equiform helical coils, without taking into account
the island structures. The developed here emissivity radial
distributions are of two types: the function of a ring zone
number K (K=1..19) is designated here as Jx; the function
of a radius r is designated here as J(r). The chord
distribution of a radiance is named B(h).

The volumetric constants were computed by a program
along the respective slanting lines of sight (LOS). These
lines (total number 291) intersect a vertical diameter with
an interval of 1 mm. To test the availability of this
interval choice, a chain of computer reconstructions was
provided. After a substitution of a constant emissivity into
each K-th zone of Jk, the resulting B(h) was calculated,
then it is reconstructed again into Jx. The resulting error
in this chain has an appropriate value of 0,1 %. In a
variant with the minimal number of LOS (38—40) the test
showed an error up to 10 %. From several LOS, situated
between the pair of neighbor magnetic surfaces, the
optimal one was chosen during the tests.

* All Figures are presented in Figures Section
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In the Pearce method realization on the experimental
material, the standard solution of the linear equations system
yields the spectral line radiation emissivity Jx dependence on
the rings numeration. Using the conventional relation between
the ring number and the ring edge vertical coordinate, the
radial distribution of J(r) along the vertical radius is obtained
from the distribution of Jx by a standard procedure. The
experimental chord distributions were smoothed to acquire
information on the correct profiles of the radiance to be
operated in the radial distribution reconstruction.

4. RADIAL DISTRIBUTIONS OF SPECTRAL
LINE EMISSIVITY OF WORKING GAS AND
IMPURITIES
The chord measurements of plasma radiance for the
spectral lines were carried out in the regime of U-3M,
typical for the last campaigns: the toroidal magnetic field
7 kG, the power radiated by the RF-antenna Prg=200-300
kW, RF wvoltage applied to the antenna 8 kV, the
discharge pulse duration ~50 ms, the mean electron
density n.~1.5-10"2 ¢cm?, the working gas — hydrogen. In
such conditions the plasma is optically thin for all

emission under the investigation.

The stationary corona model was considered here as
basic, including the existence of the metastable states and
the different excitation and ionization processes of atoms
and ions [3, 4]. The radiance chord distributions for the
spectral lines H, 656.3 nm, Hp 486.1 nm, CII 514.5 nm,
CIII 464.7 nm and 229.7 nm, CIV 465.8 nm and 253.0
nm, CV 227.1 nm, OIl 441.5 nm, OII 376.0 nm, OIV
373.7 nm, OV 278.1 nm, etc. were obtained. The most
important lines are shown in Fig. 2b: the line H, (656.3
nm) of the transition 3-2 with the upper level n=3, the
line CV (227.1 nm) of the transition 1s2p(*P2)—1s2s(’S))
with the upper level named "5", the line CIII (464.7 nm)
of the transition 2s3p(*P,)-2s3s (*S:) with the upper level
named "9".

The radiance of the spectral lines B(h) in the absolute
units  (photonsccm™sssr')  were obtained, using
calibration, based on the comparison with the emissivity
of the standard tungsten ribbon lamp. The data in Fig. 2a
are shown in the arbitrary units. The respective radial
distributions of emissivity J(r) were calculated in the
absolute units (photon's':cm™). Then the radial
distributions of the concentrations n*(r) of the excited
particles: hydrogen atoms, CV and CIII ions (Fig. 3) were
found by the expression n*(r)=J(r)/Ai, where Ai is a
spontaneous decay constant.

The shape of the distribution n3*(r) of H atoms excited
to the level n=3, related to the H, line, has a small drop
near r~0. This shape is consistent with one, predicted by
the program on the plasma modeling, used in [5], for the
plasma conditions similar to the nowaday experiments
(the mean values: Te~300 eV, ne~1.5-10" cm™), where
the influence of the H, molecules dissociative excitation
was evaluated as significant for the plasma central region.

The radial distribution of the concentration of hydrogen
atoms in the ground state, nu(r), can be evaluated from the
radial distribution (Fig. 3) of excited H atoms, n3*(1). It is
assumed, that the level n=3 of H atom is populated,
mainly, by the two processes [3], the electron excitation
from the atom ground state:
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e +H - H¥(n=3) +¢ (1)
and the dissociation of excited molecules H,**:
e +H, - Hb** - H*(n=3) + H*(n, /). )

The H atoms in the ground state with total concentration
ny are produced, mainly, due to three processes:
dissociation of H, molecules, dissociation of molecular
ions H>", and from the charge exchange process, leading
to production of hot H atoms. Assuming that the
disposition of the H atom along the radius is negligibly
small during the time of a spontaneous decay, the quantity
of atoms in cm’, excited to the level n=3, accounting these
processes, is defined by the expression:

n3*=n(<6V,>np + <6Vi>nim)/(Asi+As), 3)
where n., ny, nm (cm™) are: the density of electrons, the
concentrations of hydrogen atoms and molecules; <6v,>,
<6vi,> (cm’+s™") — rate coefficients for excitation of H, by
the electron impact, respectively on H atoms and H,
molecules [3]; the constants Aj are taken from [6].

The radial distribution nu(r) of hydrogen atoms in the
ground state, shown in Fig. 4, is found from (3), using the
series of computed radial distributions:

(a) n3*(r) — the concentration distribution of H atoms,
excited to the level n=3, see Fig. 3;

(b) ne(r), Te(r) — the electron density and temperature
radial distributions, measured in the experiment;

(c) nua(r) — the distribution of the concentration of
molecules in the axially asymmetric cross-section DD.
This distribution is transformed from the axially
symmetric distribution, calculated numerically by the
modeling program used in [5], with the experimental
ne(r), To(r) parameters accepted. All the distributions a)—c)
correspond to the same time moment of the regular
working discharge, (Fig. 2b), taking into account the
independent measurements of n. and T. in plasma.

In Fig. 4 the radial distributions of the C** and C*' ions
in the nonexcited state are shown, which were computed
from the radial distributions of excited ion concentrations
n*cu(r) and n*cy(r), using the method and some
designations, described in [4].

The values of the averaged distributions of the excited
and nonexcited ions (respectively, <n*(r)>, <n,(r)>), and
the averaged ratio of <n,(r)/n.(r)> are given in the
Table. For comparison, the values for H, are specified.
The averaging was taken over the plasma radius.

Table Average values from data of Fig. 3, 4.

<n*(r)>, cm> | <n/(r)>, cm™® | <n/(t)/n(1)>, %

CV | 8.8:10° 8-10° 0.7

ClI | 5.3:10° 6.3-10° 0.07
<nye)(1)>, <nu(r)>, <nu(r)/ne(r)>, %
cm cm’

H, 3.4:10° 3.7-10° 0.4

We used here the calculated magnetic surfaces, which
are idealized ones in comparison to those measured in the
experiment. Therefore the given radial profiles have the
character of estimation and are used for evaluation of
averaged concentrations. Also, the excitation function for
CIII 464.7 nm [4, p.7] is reliable at T.<160 eV, that
provides reasonable n,cm(r) distribution at radius value of
r24 cm (Fig. 4).



5. CONCLUSIONS
1. The program is developed for calculation of the radial
distributions of the line intensity using chord
measurements.
2. The obtained results look convincingly enough with
taking into account the independent measurements of n.(r)
and T.(r) in the U-3M plasma.
3. The procedure of the radial distribution calculation was
found to be useful for treatment of the diagnostic data
obtained in experiments on the U-3M torsatron.
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Fig. 1. The scheme of measurement of the emitted line
radiance chord distribution.
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Fig.2. (a): time evolution of some signals. (b): chord
distributions of some spectral line radiances B(h).
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Fig. 3. Radial distributions of concentrations n*(r) of the
excited radiants. For CIII the ordinate scale must be

divided by 55.
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Fig. 4. Radial distributions of concentrations of
nonexcited H atoms, ions CV, and CIII. For CIII the
ordinate scale must be divided by 5
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JTOCJLIKEHHS PAJIAJIBHUX PO3IOALIIB MHTEHCUBHOCTEM EMICI
CHEKTPAJIBHUX JIIHIA ¥ TOPCATPOHI YPATAH-3M
B.H. bonaapenko, B.C. Boiinens, €./1. Boaikos, B.I'. Konosasnos, C.A. [{ln6enko

O/HUM 3 METO/IiB, BUKOPUCTOBYBAHUX CIIEKTPOCKOIMIYHOIO J1arHOCTHKOIO MJIa3MH B YCTAHOBKAX TEPMOSIEPHOTO
CHHTE3y, € BHU3HAUEHHS palialbHUX pO3MOJIiTIB IHTEHCHBHOCTI €MiCil CHEeKTpaJbHUX IiHIH, IO BiZHOCATBHCS IO
pobodoro rasy i JOMIMIOK, SIKi 3HAXOAATHCS HA PI3HMX CTalisfX ioHi3amii. BumipioBaHi XOpAOBi pO3MOAITH ACKPaBOCTI
CBITIHHS IDTa3MH 3 3aCTOCYBaHHAM OOpaHUX CHEKTPAIGHUX JIHIA € OCHOBOKO JUIS OJEPXKaHHS PalialbHUX PO3IOILTIB
KOHIICHTpAIii aTOMIB 1 i0HiB. [IJI1 akCHaIbHO-aCHMMETPUYHUX MAaTHITHUX ITOBEPXOHB Y TopcaTpoHi "Yparan-3M" (V3-
M) migxix [lipca peanizyeTbcss 3a JONOMOrOK KOMIITOTEPHOI MNpPOTrpaMu B iHTepIpeTanii HaXWICHHUX JIHINA
crioctepexxeHHs. Po3paxyHkoBuit Habip qaHuX 3 19 MarHiTHUMH NOBEPXHIMHU OyB 0OpaHHi K ONITUMAILHUN 3 HAOOPIB
3 KiNbKicTIO noBepXxoHb 10—24. XopmoBi BUMIpH SICKpaBOCTi 3 00’€My IJIa3MH ITPOBOAMIIMCS B MOCTIHUX pOOOYMX
pexumax "Yparany-3M". BUKOpHCTOBYIOUHM eKCIIEPUMEHTAIIbHI JIaHi XOPJIOBUX PO3IIOLIIB, OyJIM OTpUMaHi pajiaibHi
PO3MIOAINN IHTEHCHBHOCTI eMmicii BHIpoMiHIOBaHHA cnekTpanbHux minii H, CV, CIII, OV, OI, OIIl, OII Ta in.
PagianeHi mpodini KOHIEHTpAIlil YaCTHHOK B OCHOBHOMY i y 30y/KCHOMY CTaHaX BH3HA4YCHi JJIS aTOMIB BOJHIO K
ionis Byrmemro C*, C** 32 1aHMMH iHTEHCHBHOCTI BUIPOMiHIOBAHHSL.

HNCCJIEIOBAHUE PA/IUAJIBHBIX PACHPEI[EJIEHHFI MHTEHCUBHOCTEM DYMUCCUHU
CHEKTPAJIBHBIX JIUHUM B TOPCATPOHE YPAI'AH-3M
B.H. bonagapenko, B.C. Boiinens, E./[. Boakos, B.I'. Konosanos, C.A. L{bi0Oenko

OmHUM U3 METOAOB, UCIIOIb3YEMbIX CIIEKTPOCKOINYECKON JHArHOCTHKOHM IUTa3Mbl B yCTAHOBKaX TEPMOSICPHOTO
CHHTE3a, SIBIISIETCS OIpEJCNICHNE DPAJAHAIBHBIX pacHpeseieHni WHTEHCHBHOCTH SMHCCHH CHEKTPAIBbHBIX JIMHUH,
OTHOCSIIMXCST K pabodyeMy rasy W HpUMECSM, HaXOIMIIMMCS HA DPA3IMYHBIX CTagusX HOHM3aIuH. V3mepsiemble
XOpPJIOBBIE PAacCIpeesieHns] SIPKOCTH CBEYCHUS IJIa3Mbl C MPUMEHEHHEM BBIOPAHHBIX CHEKTPAJBHBIX JIMHUH CIy)kaT
OCHOBOW JUIsl TOJNYYEHHs pPaJUalbHBIX paclpeieleHNi KOHIEHTPalukh aroMOB M HOHOB. [l aKkcHaybHO-
ACHMMETPHUYHBIX MarHUTHBIX MOBEpXHOCTEHl B TopcaTpone "Yparan-3M" (Y3-M) monxox Ilupca peammsyercs mpu
HOMOIIY KOMITBIOTEPHOW MPOrpaMMbl B MHTEPIIPETAIMY HAKJIOHHBIX JIMHUN HaOtofeHus. PacueTHbIil HA0Op JaHHBIX C
19 MarHUTHBIMH TTOBEPXHOCTSAMH OBLT BBIOpaH KakK ONTHMANBHBIA W3 HAOOPOB C KOJIMYECTBOM MoBepxHOcTer 10..24.
XopHoBble H3MEPEHHS APKOCTH M3 00BeMa Ia3Mbl MPOBOAWINCH B IOCTOSHHBIX padoumx pexknmax "Yparana-3M".
Hcnone3ys sKcriepuMeHTalbHbBIE JaHHBIE XOPAOBBIX PaclpeeNieHni, ObUTH TOydeHBl PaJnalibHbIC PacIpelesICHHs
MHTEHCUBHOCTU 3MHUCCHUM H3IydeHHs cnekTpanbHbeix juHuil H,, CV, CIII, OV, OIV, OIll, OIl u ap. PanuansHsie
MpoHIN KOHIEHTPALMH YaCTHIl B OCHOBHOM M B BO30Y)KJECHHOM COCTOSIHUSIX OIpEJEJICHBI IJIsi aTOMOB BOJAOpOJa U
noHoB yriepoaa C**, C*' 110 JaHHBIM MHTEHCHBHOCTH M3ITyYEHHS.
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