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In this paper, the results of computer simulation of time behavior of hydrogen atoms and molecules in the plasma
produced by RF power in the Uragan-3M torsatron are presented. The evolution of the density of fast charge-
exchange H atoms, slow H atoms, H atom population on the chamber walls, the intensity of the H,, line, and the H;
gas density and pressure has been studied using the system of differential equations.
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INTRODUCTION

The study of the time evolution of the atomic and
molecular density in the plasma confinement volume of
the Uragan-3M (U-3M) torsatron in experiments of
hydrogen plasma confinement and heating represents an
interest as a research topic at the present time. Emission
spectroscopy of Balmer spectral lines H, and Hg is an
important part of plasma diagnostics, the passive and
non-invasive means of observation, with a simple
apparatus and a reliable scheme of measurements [1].
At the same time, to find the measured intensity of a
spectral line correctly, the time dependence of the H and
H2 neutral density should be modeled on a computer.

The modeling procedure with the use of the
numerical code KN1D was described in the papers
[2, 3] where the radial profiles of hydrogen plasma ions
and neutrals were calculated for the plasma produced in
U-3M by RF power.

This paper presents the results of new simulation of
the time behavior of the ion and atom density, atom
population on the chamber wall, H, line intensity, H.
gas density and pressure in the operating regime of the
U-3M torsatron. In this regime, the main RF pulse
follows the pre-ionization RF pulse.

1. NUMERICAL MODELING

The analysis of the computer simulation possibilities
for the U-3M torsatron demonstrates that solution of a
system of four differential equations, based on a scheme
of the DITE tokamak [4], is a reasonable approach to
modelling the time-dependent functions associated with
the hydrogen plasma and neutrals:
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The first three equations include the total number of
H particles in the plasma confinement volume V:
N; — H* ions; Nof — fast atoms (charge-exchange atoms
of the high energy); No°® — slow atoms (Franck-Condon
atoms of low energy). Equation (4) includes a total
number of particles Ny trapped in the area A of a wall,
with which the plasma interacts. Only the values V and
A are time-independent. The value S is the mean
ionization rate coefficient of H atoms by an electron
impact, X — the mean charge-exchange rate coefficient
of H* ions with H atoms [5], ¢ — a cross-section for the
particle-induced release of H atoms from a vacuum
chamber wall [4].

The indices i, f, and s relate respectively to ions, fast
and slow atoms. The index w relates to H atoms trapped
on the wall, and index O — to fast and slow neutrals.

The value 7 is the H* ion mean confinement time
(the lifetime) in the volume V, 1 — the lifetime of fast
atoms [4], B — the reflection coefficient of ions or atoms
from the wall. The remaining terms in the equations
correspond to the generally accepted notations.

All terms in equations (1) — (4) [4] were validated
for the conditions of U-3M, and the equations were used
almost without changes. Only, the parentheses in (1)
were expanded to use the terms of fast and slow atoms
with the ionization rate coefficients Sf and S,
respectively. The terms of slow atoms, containing ts and
Bs, are missing since it is assumed that ts = oo [4, 6].
Each of the first three time-dependent functions was
supposed to be uniform along an average minor plasma
radius a, = 0.125m at any time moment of the RF
pulse, and the fourth function — uniform on the wall.

After solving the system, we calculated the specific
values, assuming the volumeV=0.3m® and area
A = 3.8 m% the particle densities ni(t), nf(t), ns(t) (m),
and the population on the walls ny(t) (m?) by H atoms
created with ions and fast atoms impinging on the
stainless steel walls of the U-3M torsatron [2].

The flow of ions, fast, and slow atoms lost from the
plasma is incident on the surfaces of two types in a
vacuum chamber. The lost particles move to remote
walls of the chamber through the slits between the
casings of a helical winding (HW) of a magnetic field.

The surfaces of the first type (S1) are the parts of the
walls of the vacuum chamber that are not shaded by
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obstacles from particles escaping from the plasma and
can reflect these particles back to the plasma. The S1
surfaces are the plasma-facing parts (PFP) of the HW
casings and the PFP of the remote walls of the vacuum
chamber outside the HW. The lost atoms are reflected to
the plasma by all the S1 surfaces. The lost ions are
reflected to the plasma only by the PFP of the HW
casings. Eventually, the lost atoms and ions are reflected
as atoms with a significant probability or are re-emitted
as molecules with a negligible probability [2].

The surfaces of the second type (S2) are those that
are shaded by the HW casings from the lost ions and
atoms and almost do not reflect the particles back to the
plasma, even after multiple reflection events on S2
surfaces. These S2 surfaces are the remote walls, rear,
and lateral sides of the casings. A significant portion of
lost ions in the form of divertor streams walks around
the HW casings to the S2 surfaces [2]. The lost atoms
and ions can be reflected by S2 surfaces as atoms many
times. A negligible portion of lost particles returns to
the plasma as atoms. Eventually, the main portion of
lost particles transforms to molecules due to re-emission
and contributes to the background H- gas.

Therefore, only the surfaces of the first type reflect
particles to the plasma effectively. The incidence angle
relative to a normal to the S1 or S2 surfaces was taken
to be 45° for atoms and about 0° for ions [7]. The
reflection coefficients Bk (k =i, f, and s) depend on the
particle kinetic energy Eo that was estimated with the
code KN1D [5]. The dependence Bk(Eo) at the specified
incidence angle was found using the SRIM program [8].

2. EXPERIMENTAL CONDITIONS

The results of the numerical analysis are presented
here for two experimental operating regimes.

The parameters of the regime A were as follows. A
toroidal magnetic field Bo = 0.6 T, hydrogen pressure in
the chamber before a discharge pu,™ =1.2 x 102 Pa.
The main RF pulse is produced during the operation of
the frame type antenna (FTA) when an average electron
density in the poloidal cross-section 7, < 2 x 10 m?,
and an electron temperature T < 0.5 keV [2].

The hydrogen breakdown was initiated using a
three-half-turn antenna (THTA) with an anode voltage
U, = 5 kV switched on at a time moment tir = 15 ms
and switched off at tor = 35 ms. After this, the plasma
was sustained by the FT antenna with an anode voltage
U; = 8 kV at time moments t;r = 35 ms and tor = 75 ms.

The parameters of the regime B: By = 0.72T,
pr,"=1.1 x 10® Pa, 7, < 1.2 x 10®¥ m3, Te < 0.5 keV;
Uz = 6 kV from tir = 3 ms to tor = 20 ms; Uy = 7kV
from tir = 20 ms to tor = 40 ms.

3. RESULTS OF MODELING

The stages of operation of THT and FT antennas are
identified here respectively as Pl — the pre-ionization
stage and MP — the main plasma stage.

The ion mean lifetime 1; in the MP stage, according
to [3], was evaluated as 2 ms in the regime A (a) and
1.86 ms in the regime B (b). The lifetime t; estimated in
the PI stage was 1.1 ms (a) and 1.7 ms (b).
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The fast atom mean lifetime T in the MP stage,
0.6 us (a) and 0.5 ps (b), was determined by a formula
from [4]. The lifetime t estimated in the Pl stage is
equal to 0.01 of ¢ in the MP stage.

In this model, we assumed that the ion temperature
Ti(t) is approximately equal to Te(t).

The electron temperature Te(t) as a key parameter
was chosen to be proportional to the measured
experimental ECE intensity, with some degree of
approximation (Fig. 1). Four unknown functions
depending on Te(t) are changing in the equations. For
the solution stability, each ECE intensity dependence
was smoothed (the black solid curves). There is a
peculiarity in a form of a minimum of ECE intensity in
the regime A at ~30ms. All functions were not
considered after the end of the MP stage in this study.
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Fig. 1. The temporal evolution of the measured values:
the ECE intensity and the average electron density 7, (t)
in regime A (a) and regime B (b). An arrow near the
curve indicates the related axis

In two studied regimes, the first RF pulse was
generated by the THT antenna that pre-ionized
hydrogen during this stage. The initial conditions of the
unknown functions were specified at the moment tir:
the density of ions ni™, fast atoms nfi,i, and slow atoms
n%ni; the population ny,™ on the chamber wall by H
atoms; the cross-section oini for the particle-induced
release of H atoms. The initial density pni of the H

gas was found from the pressure pHZ"“ at the moment

t = 0. During the PI stage, the electron temperature Te(t)
was taken to be 4.5 eV in both regimes. In a procedure
of equation system solving, the ion density ni(t) was
fitted to the average electron density 7, (t) measured in
the experiments. This follows from a plasma quasi-
neutrality condition in the confinement volume. The
argument in this fit is a cross-section o(t).

3.1. ATOMIC DENSITY AND POPULATION
BEHAVIOR

The MP stage starts at the moment ti immediately
after the Pl stage end. The initial conditions for the
functions N;, Nof, and N¢* at the moment t;¢ follow from
the solution of equation system. In both regimes, the
cross-section o(t), presented in Fig. 2, is a constant
during the PI stage.

A sharp increase in the cross-section o(t) is seen
after the start of the MP stage. After this, o(t) decreases
sharply in the regime A and slowly in the regime B.

The H atom population ny(t) on the chamber wall
grows, then remains in saturation up to the end of the Pl
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stage, in both regimes. After the MP stage start, the
population increases and decreases sharply, then grows
gradually with some peculiarities.
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Fig. 2. The cross-section a(2) for the particle-induced
release of H atoms (a) and H atom population ny(t)
on the wall (b)

Concerning atomic densities, the density n(t) of fast
atoms is significantly lower than the density ns(t) of
slow atoms in both regimes, as is clear from Fig. 3.

2x10"®

(@)1 4x10" ) 12x10"
18| } 14 1
X107 “eeeee 230 1x10™
e 0 e 13%10° , 1y =
S 0 5 10 15 20 25 30 35 40  E
S2x10" 2x10"° £
= " 1.2x10" y 1 <
1x10"%+ e 8310 11x10"
ol 1axig® 15610° T,
O 10 20 30 40 50 B0 70
time, ms

Fig. 3. The density of slow atoms ns(t) (a) and fast atoms
nf(t) (b). The magnitudes are labeled near the curves

The fast atom density is low in the Pl stage, but
increases at the time moment tir sharply and resembles
the electron density 7, (t) behavior in the MP stage. The
production efficiency of charge-exchange atoms
depends directly on the H* ion and slow H atom
densities, and the H* ion temperature [5].

The slow atom density n°(t) is the highest among
atomic densities and slowly decreases in the PI stage.
Then it falls to a low constant level after the MP stage
start. The slow atom production from molecules and
ionization of such atoms dominate respectively in the
first and second stages [5]. The density ns(t) anti-
correlates with the electron density 7, (t) in the Pl stage
due to atom ionization losses.

The temporal evolution of the H, line brightness B(t)
from the plasma was measured in the middle plane of
the poloidal cross-section D-D of the U-3M torsatron,
using methods described in [1, 2]. The intensity I(t) of
the H, line, shown in Fig. 4, was calculated using the
densities 7,(t), n(t), and the mean rate of hydrogen
atom excitation {(cV)exc [1, 5].

The functions B(t) and I(t) were superimposed
together at the middle of the MP stage to compare them.
The calculated function is close to measured one,
excluding the calculated peak of overestimated
magnitude at the MP stage start. This peak starts to rise
before the measured one. This discrepancy may be
associated, probably, with the omitted molecular
contribution in the calculated intensity.
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Fig. 4. The intensity I(t) of the H,, line, calculated from
equations (1) - (4), and this line brightness B(t)
measured in the experiment

The contribution of slow atom emission to the H,
line intensity is much higher than that of fast atoms. The
reason is that the slow atoms density significantly
dominates that of fast atoms.

3.2. H2 GAS PRESSURE BEHAVIOR

The H gas pressure pn,™*(t) was measured by a

magnetron pressure sensor installed at a distance of 2 m
above the helical coils [3]. For comparison, the pressure
pr°(t) was calculated using a differential equation.
The gas temperature is ~308 K outside the plasma
before the PI stage.

The pressure pp.22¢ is proportional to the gas density
N2, according to the ideal gas law [5]. The gas
density ana'C(t) was determined from the differential
equation (2) [9], but three new terms were added next to
the term D:

diny, {dt =~(D+ 81 + DI + H), + T, T 6)

where D is the mean rate of molecular dissociation in
the collisions with plasma electrons e~ + H, — H + H,
NHz— the Hz gas density, T2 and T3 — the density of
molecular flux entering and leaving the plasma,
respectively. We added three terms that are actual for
plasma in an ionizing stage: SI — the mean ionization
rate to H," ion, e + H, — Hy*; DI — the mean
dissociative ionization rate, e~ + H, — H + H*; HI — the
mean ionization rate to ions, e + H, — H* + H*. Almost
all the gas flow entering the plasma is transformed to
atoms and ions, and the molecular flow leaving the
plasma is negligibly low: To' « T'% [2, 3]. The term
I'2 was evaluated as a) nw,(t)/6.6 and b) np,(t)/7.2.

The calculated gas pressure was normalized, for
clarity, to the initial condition, pn,c(t)/pu,™ as well as
the measured pressure, pu™(t)/pr.™, as Fig.5
demonstrates for the regime A.
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Fig. 5. The normalized H; gas pressure: the calculated
and measured dependence
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The calculated and measured pressure functions are
very close to each other. Both functions decrease in a
typical exponential form: very slowly in the Pl stage
and noticeably in the MP stage.

In the regime B, the functions behave similarly, but
the pressure at the end of the MP stage amounts to
~75 % of the initial value.

CONCLUSIONS

In this paper, the numerical technique of
modeling [4] was applied to time-dependent parameters
of the hydrogen ions and neutrals in two operation
regimes of the U-3M torsatron. A system of four
differential equations was solved in the pre-ionization
(PI) stage and in the main plasma (MP) stage.

With this technique, the time-dependent H* ion
density, fast (charge exchange) atom density, slow atom
density, and H atom population on the wall were
calculated. Also, the H, line intensity, H, gas density
and pressure were found.

The H* ion density was approximated to the average
electron density 7, (t) measured in the experiments. The
argument of this fit is the cross-section for the particle-
induced release of H atoms from chamber walls.

The fast atom density is significantly lower than that
of slow atoms. The fast atom density is low in the PlI
stage, but increases after the MP stage start sharply. The
density level of fast atoms corresponds to the production
efficiency of these atoms in the charge-exchange
process.

The slow atom density decreases in the Pl stage
moderately and drops to a low constant level after the
MP stage start. The slow atom production from
molecules dominates in the PI stage, and the ionization
of atoms — in the MP stage.

The H atom population on the chamber wall grows
and saturates in the Pl stage. After the MP stage start,
this value increases and decreases sharply, then grows
gradually.

The modeled H, line intensity is similar qualitatively
to the brightness of this line measured in the experiment
on the U-3M torsatron. The contribution of slow atoms

in the H, intensity is much higher than that of fast
atoms.

An additional differential equation was solved with
the intention to determine the temporal evolution of the
H, gas density and pressure near the chamber wall
remote from the plasma. The calculated pressure
function is very close to the measured one. The pressure
decreases very slowly in the PI stage, and significantly —
in the MP stage.
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MOJIEJTMPOBAHUE BPEMEHHOI'O NOBEJEHUS IIJIOTHOCTEM HEMTPAJIOB H, H:
N MHTEHCHUBHOCTMU JINMHUU H. B BU-IIJIASME TOPCATPOHA YPAT'AH-3M

B.H. bonoapenxo, A.A. Ilempywiensn

HpeI[CTaBHeHI)I pPE3YIbTaTbl KOMIBHOTEPHOTO MOACIHUPOBAHUA BPEMEHHOI'O IMOBEACHHUA aTOMOB M MOJICKYII
BOJIOpOZia B IUTa3Me, MOJIydyeHHOI ¢ momonipio BU-momHuocti B TopcarpoHe Yparan-3M. C ucCHoibp30BaHUEM
cucteMbl TUuddepeHHaNbHbIX YpaBHEHHIH ObUIN U3yUYEHBI SBOJIOLMS IFIOTHOCTH OBICTPBIX aTOMOB Iiepe3apsiaku H,
MEUIEHHbIX aToMOB H, momymsiumu atomoB H Ha creHkax kamepbl, HMHTCHCUBHOCTH JHMHUHM H,, NIOTHOCTH M
nasiienns raza Ho.

MOJIEJTIOBAHHSI YACOBOI IMMOBEAIHKH I'YCTAH HEMTPAJIB H, H>
TA IHTEHCUBHOCTI JIHII H, ¥ BY IIVIA3MI TOPCATPOHY YPATAH-3M

B.M. bonoapenxo, A.A. Ilempywiens

[IpencraBneHo pe3ysbTaTH KOMITIOTEPHOTO MOJETIOBAHHS YacOBOi MOBENIHKM ATOMIB i MOJIEKYJ BOJHIO B
wia3Mi, oTpuMaHoi 3a pomomororo BU-moryxHocTi B TOpcaTpoHi YparaH-3M. 3 BHKOPUCTaHHSM CHCTEMH
mudepeHIiadbHUX piBHSAHD OYyJ0 BHBYEHO €BOJIOLIIO T'YCTHHH MIBUAKHX aTOMIB Iepe3apsypkeHHs H, moBinbHUX
aTomiB H, momyssuii aromiB H Ha cTiHkax kamepH, iHTeHcUBHOCTI JiHiT Hq, rycTuHH 1 THCKY ra3y Ho.
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