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The studies of the scenario of hydrogen plasma creation with two sequential RF discharges during one pulse
were carried out for the Uragan-2M stellarator. The first-stage discharge initiated the hydrogen pre-ionization at the
generator anode voltage of 4 kV. The second-stage discharge was performed at the generator anode voltage selected
from 6 to 9 kV. As result, plasma with an electron density up to 3.9-10%® m~ was produced in a confinement volume.
An increase of voltage resulted in an earlier appearance of signals of electron density, the intensity of the H, spectral
line, and the intensity of the molecular hydrogen spectral line. The increase of the time-dependent intensities of

these signals was also registered.
PACS: 52.55.Hc, 52.70.Kz

INTRODUCTION

A study of time evolution of the H, spectral line and
other hydrogen spectral lines emitted by plasma has a
particular interest for the diagnostics of optical emission
spectroscopy in experiments on the confinement and
heating of plasma in the Uragan-2M (U-2M) stellarator
at the ion cyclotron range of frequency (ICRF) [1].

The emission spectroscopy studies of the present
experiments were focused on the measurement of the
time-dependent intensities of spectral lines within
U-2M. The H, spectral line at A =6562.8 A and the
molecular hydrogen spectral line at A = 4631.8 A were
studied. Both lines were registered together with the
measurements of plasma electron density.

The spatial profiles of the H, spectral line were also
measured earlier in experiments on the Uragan-3M
(U-3M) stellarator [2]. Recently, the time behavior of
H, in U-3M was analyzed in [3].

During one pulse of U-2M, one RF discharge pre-
ionized hydrogen to the pre-ionization stage (Pl stage).
Other RF discharge created the plasma of the main
plasma stage (MP stage) after a short time interval [3].

Evaluation of time delay between experimental
signals, caused by the change of the RF generator anode
voltage, is one of the important questions considered in
this study.

In particular, the time delay of hydrogen plasma
build-up was analyzed, depended on the discharge
conditions in U-3M [4].

Similar experiment was recently performed at the
U-2M [5]. The time delay was identified by a start of
the H, amplitude growth.

A similar idea is considered in this study. The time-
dependent signals of the microwave interferometry and
the optical spectroscopy were compared for two cases:
1) two signals of one type of diagnostics at the lowest
and highest anode voltages, and 2) the intensity signal
of one spectral line with the electron density signal at
the selected anode voltage.

The three types of experimental signals are as
follows: electron density, H, line intensity, and
molecular line intensity.

An objective of this study is to analyze the effect of
an increase of the anode voltage of the RF generator in
the MP stage on time shifts between experimental
signals of three types.

1. EXPERIMENTAL CONDITIONS

An experiment was carried out to clarify the effect
of the anode voltage of the RF generator “Kaskad-1”
(K-1) on time shift of experiments signals. The pulses in
the MP stage of dense plasma creation differed only in
the generator K-1 anode voltage. Other parameters, such
as the magnetic field, hydrogen pressure, the
frequencies of the RF generators, and the anode voltage
of the RF generator “Kaskad-2” (K-2) were not
changed.

The confining magnetic field was produced by
currents in the coils of the helical field I, = 13980 A, the
toroidal field 1;=5020 A, and the correcting field
I = 247 A. The toroidal magnetic field at the toroidal
axis is Bop = 0.359 T. The operational parameter of this
regime was K, = 0.367. A pressure of the working gas
hydrogen was p = 3.2:10°3 Pa.

The first stage of each pulse was a Pl stage in the
interval of 1..10ms. The RF generator K-2 was
switched on only during this stage, at a constant anode
voltage Uk, =4 kV and a frequency of 5.44 MHz. This
generator operated with a frame antenna (FA) [6] during
the first discharge. The gas breakdown and the creation
of pre-ionization plasmas of hydrogen appeared at a low
electron density of up to 2.4-107 m3,

The pulse included also the MP stage in the interval
of 14...22 ms. The RF generator K-1 was switched on
only at this stage. The anode voltage Ux; was specified
from a sequence of 6, 6.5, 7, 7.5, 8, 8.5, and 9 kV at a
frequency of 5.1 MHz. This generator was connected to
a three-half-turn antenna (THTA) [5]. Dense plasma
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was created and sustained in the MP stage. The electron
density was significantly higher than in the Pl stage.

The line-averaged electron density n.(t) (average
over the line of sight through the plasma) was measured
by means of a 2mm microwave superheterodyne
interferometer. The horizontal line of sight of the
interferometer crosses the vertically elongated plasma in
the poloidal cross-section of the stellarator vacuum
chamber [7], as shown in Fig. 1.

15 16 o K-1, THTA

Fig. 1. A schematic top view of the Uragan-2M
stellarator: 1 — a three-half-turn RF antenna;
2 — a frame RF antenna; 3 — microwave interferometry;
4 — optical spectroscopy.
Toroidal coil numbers are Ao 1-16

The time-dependent intensities of two spectral lines
were measured by means of the optical spectroscopy
with a high temporal resolution. This data was
compared with the average electron density.

A spectroscopic line of sight is located very close
and parallel to the major radius of the stellarator. The
line of sight crosses the horizontally elongated plasma
and exits the optical port from the stellarator to an
interference  filter and a monochromator, as
demonstrated in Fig. 1.

The intensity I,(t) of the H, spectral line with
A = 6562.8 A was measured using the interference filter,
transmitting only the H, line. The monochromator
MDR-23 was used to measure the intensity lu2(t) only
of the molecular hydrogen spectral line with the
L =4631.8 A.

The H, interference filter was of the narrow-band
type with the maximal transmittance Tmax = 75 % of the
H, spectral line. A wavelength resolution of the
monochromator was sufficient to identify characteristic
band structures.

The molecular hydrogen spectral line A = 4631.84 A
relates to a singlet transition 1s63do (G 123) — 1s62po
(B 124) with decay Go — By from the vibrational level
and decay R4 from the rotational level [8, 9].

2. ANALYSIS OF EXPERIMENTAL
RESULTS

The raw data obtained from the spectroscopy and
microwave interferometry was smoothed for the
experimental data analysis.

The smoothed time-dependent average electron
densities n.(t) with the anode voltage parameter Ux;
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and pulse numbers Ne 117-123 are presented in Fig. 2.
An example of raw data at 9 kV is also shown.
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Fig. 2. The time-dependent average
density n, (t) with the anode voltage parameter Uk;:
a-6..7.5kVandb-8...9 kV

It is sufficient to select only integer voltage
parameters of Uk, for adequate presentation of data.

The intensity 1,(t) of the H, spectral line and the
intensity I2(t) of the molecular hydrogen spectral line
are plotted respectively in Fig. 3 after a smoothing
procedure.
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Fig. 3. The intensities: a — 1,(t) of the H, line
and b — Iy2(t) of the molecular line with the anode
voltage parameter Uk

The anode voltage Uk, did not change in the PI stage
with the parameter Uk; increase. As a result, the time-
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dependent density 7.(¢) and intensities I4(t), and Ii(t)
of spectral lines changed insignificantly in the PI stage.

Four anode voltages used in experiments were
denoted as UK1'1= 6 kV, UKl,z =7 kV, UK1,3= 8 kV, and
Uk14 =9 kV, for optimization of notation.

The relative deviation in the Pl stage, at anode
voltages increasing from Ukia to Ukis, is 5.1% of
density signals and 5.7% of H, signals, excluding the
molecular line of a very low intensity.

The relative deviation was calculated at each time
point among signals of one type. Then the deviations for
signal of each type were averaged over the Pl stage to
find two relative deviations shown above.

The analysis of each time-dependent experimental
signal n,(£), l4(t), and In2(t) must be carried out in a
time interval of initial amplitude growth. The signal
grows from the time point of a zero amplitude to the
time point of the maximal amplitude. Each signal
gradually moves to the start of the MP stage and
increases in amplitude with the increase of anode
voltage from Uki1 to Uk .

The maximal electron density n.(t) in the MP stage
at the anode voltage Uk is 2.2-10* m™, as shown in
Fig. 2,a. It takes a maximum value of 3.9-10® m3, as
Fig. 2,b shows, at the anode voltage of Uki 4. This is the
highest density among the anode voltages from Uky to
Uk1,4.

Existing time shifts of each studied time dependence
can be more clearly demonstrated, using three time
points ta, ts, and tc corresponding to 10, 50, and 100%,
respectively, of the maximum amplitude in the initial
interval of the amplitude growth.

Two programs are described below, presenting the
technique for calculation of time points and time shifts
of points A, B, and C of experimental signals.

2.1. TIME SHIFTS OF SIGNALS OF ONE TYPE

This subsection presents a program for calculating
the time shifts At of the points A, B, and C, found for
each experimental signal separately from others. The
shifts correspond to an increase of the anode voltage
Uk1 from UK1,1 to UK1,4.

The program finds the time points tane, tsne and
tcne Of electron density signals at the anode voltage
Uk11. The first subscript in an expression is the point
name, the second is the electron density denoted here as
n, and the third is the anode voltage. The time points
tang, teng, and tcno are found at the anode voltage Uki 4.

The differences tano - tans, teno - tene, and tcng -
tcns are equal to the time shifts Atan,s,g), Atene,9), and
Atcne9), respectively, resulted from the increase of
anode voltage, indicated by the third subscript (6,9).
The time shifts are shown in the first column of Table 1.

The time shifts Ataa.9), Alg a9, and Atcgeg OF
the H, line intensity signals are used with the second
subscript a and are shown in the second column of
Table 1.

The time shifts Atam .9, Atem,s9), and Atcm,eg) OF
the molecular line intensity signals were also found.
They are used with the second subscript m and are
shown in the third column of Table 1.
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Table 1
Time shifts of points A, B, and C for three signal types
as a result of an increase of the anode voltage
from UK1,1 to UK1,4

. Time shift At of point, ms
Points - - -
electron density | Hq line | molecular line
A 1.1 2.0 2.2
B 0.7 2.4 1.9
C 0.4 2.4 2.4

2.2. TIME SHIFTS OF LINE INTENSITY
SIGNALS RELATIVE TO ELECTRON
DENSITY SIGNALS

This subsection demonstrates the effect of the
increase of the anode voltage Uki,1, Uk1,2, Ukas, and Ukia
on the time shifts of points A, B, and C of H, intensity
signals or molecular line intensity signals relative to the
corresponding points of electron density signals.

The program finds the time points of electron
density signals at the anode voltage of Ukii, Ukiz,
UK1,3, and UK1,4 respectively: l) tans, tene, tcne, 2) tan7,
ten7, ten7 3) tang teng, tcns, and 4) tane, teng, ten.
The third subscript denotes the anode voltage.

These four groups of expressions for time points can
be represented as short expressions tanu, tenu, and tcnu,
where the variable u = Uki1, Uki2, Ukis, and Ukia
denotes the sequence of anode voltages introduced into
the expression instead of the last constant subscript.

The program then calculates the time points of H,
intensity signals at specified anode voltages. The short
expressions are: tagu, tseu and tceu. The second
subscript here is a.

The differences given as the short expressions ta qu -
tanu are equal to the time shifts, also given as the short
expressions Ata qnu. The shifts of points A of H, signals
were identified relative to points A of electron density
signals. The second subscript expresses the two types of
signals compared. The time shifts of points B and C,
expressed respectively as Atggnu and Atcgnu are
calculated in a similar way.

The calculated time shifts of points A, B, and C are
included in the first four columns of Table 2, following
the notation of subscripts in the expressions of shifts.

Table 2
Time shifts of points A, B, and C at indicated anode
voltages for: H, intensity signals compared to electron
density signals, molecular line intensity signals
compared to electron density signals

Anode voltage Uki, kV
Points| 6 | 7 [ 8] 967 [8]09
Atyny, MS Atmong, MS
A |03(-02|-03|-06]13]04|01]|0.2
B [05(-0.7|-10|-1.2| 11|03 |01]0.0
C [-l30|-46|-51|-50] 0.0 |-1.7]-22|-19

The program then calculates the time shifts of points
A, B, and C of molecular line intensity signals relative
to the corresponding points of electron density signals at
specified anode voltages. The second subscript is m.
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The short expressions of shifts are: Atam-nu, Atsm-nu,
and Atcm-nu. As in the case of H,, the variable u = Uk,
Uk12, Ukis, and Ukis denotes anode voltages. The
calculated time shifts are shown in the last four columns
of Table 2.

The time shift values are given below in the text
without a minus sign, using the words “delay”, “later”,
“ahead of”, “earlier” and others.

2.3. COMPARISON OF TIME SHIFTS OF POINTS
A, B,ANDC

For clarity, the graphs of signals are plotted using
only the points A, B, and C based on Figs. 2 and 3.

An increase of voltage of Uk, Uki2, Ukis, and
Ukia results in a gradual shift of all points of all
experimental signals to the start of the MP stage, in
other words, to the start of the RF pulse of the generator
K-1 operating with the THTA.

The points of the electron density n.(t) at each
anode voltage Uk; are presented in Fig. 4.

The time shifts taken from Table 1 are Atan 9=
1.1 ms, Atgpn,69 = 0.7 ms, and Atcn 9 = 0.4 ms. These
shifts of electron density points are minimal among
experimental signals of all types in the entire sequence
of voltages.
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Fig. 4. The electron density 7, (t) at specified anode

voltages, at time points ta, ts, and tc. Each rectangle

outlines a group of points corresponding to the time
point subscript A, B, and C

The points A, B, and C of intensity I, of the H, line
are shown in Fig. 5.

1.5

Fig. 5. The intensity 1,(t) of the H,, line at specified
anode voltages, at three time points

The increase of voltage from Uki1 to Ukia in the
entire sequence of voltages moves the intensity I, points
to the start of the MP stage with shifts Ata g9 =
2.0 ms, AtB!u!(é,g) =24 ms, and Atcsa,(eyg) = 2.4 ms. These
shifts are much more significant than the shifts Atane,g),
Atsn 9, and Atcneg OF corresponding points of the
electron density.
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Table 2 shows that the points ta 6 and tg 46 Of the H,
line intensity at the voltage of Uxi,1 appear somewhat
later, with shifts Ata ¢ng = 0.3 ms and Atgg-ng = 0.5 ms,
than the corresponding points tans and tsne Of the
electron density. But the intensity point tcq¢ at Ukig iS
found significantly earlier than the density point tcng,
with a shift Atcgne = 3.0 ms.

The points ta q. and tg 4, at anode voltages u = Uk 2,
Uka3, and Uka 4 are ahead of the density points tany and
tenu With shifts Atagne=0.2; 0.3, and 0.6 ms, and
Atggnu =0.7; 1.0, and 1.2 ms. The points tc . at given
voltages u appear noticeably earlier than the density
points tc,nu by Atcgnu = 4.6; 5.1, and 5.0 ms.

The time points of the molecular line intensity Iu2
are shown in Fig. 6.
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Fig. 6. The intensity I(t) of the molecular hydrogen
line (4 = 4631.8 A) at specified anode voltages,
at three time points

The shifts of the time points of the molecular line
intensity Iy, to the start of the MP stage in the entire
voltage sequence are Atam(s9) =2.2mMS, Atgmeg) =
1.9 ms, and Atcm,e,9 = 2.4 ms, as Table 1 shows. These
shifts are comparable to the shifts of the H, line
intensity points.

As seen from Table 2, at anode voltages u = Uki 1,
Uka.2, Uka3, and Uky 4, the time points tamy and tg m,y of
the molecular line intensity are delayed after the
corresponding density time points tanu and tsnu.

The calculated shifts are Atamnu =1.3; 0.4; 0.1, and
0.2 ms, and Atgm-ny = 1.1; 0.3; 0.1 ms, and zero shift. It
means that the intensity time point ts me and the density
time point tgng coincide. These delays decrease as the
anode voltage increases.

The shift Atcm-ng Of the time point of the molecular
line intensity tcme at the voltage Uk, is equal to zero,
since this time point and the corresponding density time
point tc e coincide. Time points tcm, at anode voltages
U=Uki2 Ukis, and Uxis appear ahead of the
corresponding density time points tcny with three time
shifts Atcmnu= 1.7; 2.2, and 1.9 ms. The shift has a
tendency to increase with increasing voltage.

Below we briefly summarize the obtained results,
concerning time points and time shifts. The time point
shifts among one-type signals were found in
Subsection 2.1. The type of signals that appeared earlier
than others was determined after the analysis of time
shifts. Subsection 2.2 shows the time shifts among
signals of different types as the anode voltage increases.
The time points were characterized in terms of “delay”
or “ahead of” relative to other time points. This can be
useful in numerical simulations. Subsection 2.3 shows
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the time points on the graphs. Time shifts were
compared in different cases.

In prospect, experiments with RF discharge plasma
on the Uragan-2M stellarator will lead to the creation of
a database of experimental data for numerical
simulation. The temporal waveforms of the H, spectral
line and the molecular hydrogen spectral line at
A=4631.8 A can be modeled, using a system of
differential equations [10], similar to that used for the
Uragan-3M stellarator [3].

CONCLUSIONS

A technique for processing the time-dependent
experimental signals of hydrogen plasma in the Uragan-
2M stellarator has been developed. The three types of
signals were analyzed: the electron density, intensities
of H, spectral line, and molecular hydrogen line.

The scenario of plasma creation in U-2M included
two sequential RF discharges. Only the second RF
discharge was analyzed comprehensively. The studies
of plasma parameters were carried on depending only
on the anode voltage of the generator K-1.

It has been found that an increase of the anode
voltage moves signals of all three types to the start of
the RF discharge.

The technique includes two programs. They are used
to select points of one type (e. g. signal maximums), the
signal type (e.g. H, or other signals) and the anode
voltage to process time shifts between the points.

The signal time shifts of one of three selected types
were found using this technique at the maximal and
minimal anode voltage of the RF generator. It was
shown that the shifts of signals of both spectral lines are
larger than the shifts of electron density signals.

This technique was applied to different type signals
at one of four selected voltages. It was found the time
shifts of H, or molecular line signals relative to the
electron density signals. The H, signals are generally
ahead of the electron density signals. The signals of
molecular line are generally delayed relative to the
electron density signals.

The obtained results can be used at numerical
simulation of temporal waveform changes of the H,
spectral line and the molecular hydrogen spectral line in
hydrogen plasma of fusion devices.
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YACOBA IMOBEJIHKA CHEKTPAJILHqi JITHIT H, TA CHEKTPAJIBHOI JITHIT
MOJIEKYJISIPHOI'O BOJHIO Y BOJHEBIM IIVIA3MI B CTEJIAPATOPI YPATAH-2M

B.M. bouoapenxo, P.O. Ilasniuenxo, 10.B. Koemyn, O.B. Jlozin, M.M. Ko3yns

Jns crenapatopa Yparad-2M mpoBefeHO JOCHIHKEHHS CIICHAPI0 CTBOPEHHS BOJHEBOI IUIa3MHU 3 IBOMa
nocnizoBHUMU BU-po3psaaMu mpoTsrom OmHOTO iMmynbCcy. Po3psia mepiioro CTymeHs iHII[FOBAaB MOIEPEIHI0
10HI3amil0 BOJHIO TPW aHOAHIA Hampy3i reHeparopa 4 kB. Po3psig npyroro crymeHs MpOBOIMBCS IpU aHOTHIN
Harpy3i reHeparopa, oOpanidi Bim 6 10 9 kB. B pesynbrari B 00'eMi yTpuMaHHsS yTBOpIOBanacs Iuiasma 3
€JIEKTPOHHOIO TYCTHHOIO 110 3,910 M3, TlinBuIueHHs Hanpyry IPU3BOAMIO 10 OiNbII PaHHBOT MOSBM CHUTHAJIB
€JIEKTPOHHOI I'YCTHHH, IHTEHCHBHOCTI CIIeKTpaJIbHOT JiHiT Hy Ta IHTEHCHBHOCTI CIIEKTpalIbHOT JIiHIT MOJIEKYJISIPHOTO
BOJHIO. Tako 3apeecTpoBaHO 30UIBIIEHHS 3aI€)KHUX BiJl 4acy IHTEHCUBHOCTEH X CUTHAJIIB.
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