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Abstract

Fast Ti-deposition was applied in the gas-dynamic trap (GDT) facility in the regimes with 14-17.5 keV, 2.5-4 MW
neutral beam (NB) injection to control gas recycling at the first wall and thereby reduce charge-exchange losses of
energetic ions. The charge-exchange losses of the fast ions turned out to be much less than in former, non-conditioned
discharges. The temporal and spatial variation of the neutral gas density was measured during typical shots and
compared with the results obtained by means of a Monte Carlo transport code. The comparison of the numerical results
with the experimental data shows that the recycling coefficient of the chamber wall which has been freshly coated by

titanium is close to that of the pure metallic surface. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Coating of the first wall by titanium, carbon or be-
ryllium films is widely used in fusion devices to reduce
release of the impurities from the wall and, thereby, to
improve the plasma confinement. The wall conditions
are particularly important in experiments with neutral
beam (NB) injection, as for instance at the Gas Dynamic
Trap (GDT) [1-3], when the first wall is exposed to a
high flux of secondary, high-energetic neutrals from the
plasma.

At the GDT, the application of traditional methods
of wall conditioning faces certain difficulties because of
specific technical features of the vacuum chamber de-
sign. In particular, all connections use elastomer sea-
lings. Thus, the chamber cannot be baked at sufficiently
high temperature for degassing. Therefore, ultimate
pressure in the chamber with turbo-molecular pumping
turns out to be relatively high, of the order of 10~* Pa, so
that during the time period between experimental shots
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many monolayers of residual gases cover the first wall.
Since these monolayers have quite small surface binding
energy, this provides a high recycling, i.e. a neutral,
striking the wall, can release a lot of gas molecules. As a
result of this, plasma confinement may deteriorate due
to increased charge-exchange and radiative losses. In
fact, this was observed in the experiments at GDT device
in which the plasma is sustained during a few millisec-
onds. Formerly, the experiments were carried out with-
out a special conditioning of the chamber walls. It was
observed that during the NB injection, the vacuum
conditions significantly deteriorated because of a huge
amount of gas released from the wall by the bombard-
ment with high-energetic neutrals from the plasma. This
observation demonstrated that a clean wall surface is an
essential constraint for attaining sufficiently low charge-
exchange losses for the fast ions.

The present paper is devoted to the studies of the
neutral gas behavior and charge-exchange losses to fast
ions under the condition, when a titanium film has been
deposited on the container wall of the central cell. In
order to prevent the accumulation of some gas mono-
layers prior to plasma shot, the deposition of titanium
films on the first wall was made sufficiently fast using an

0022-3115/99/$ — see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S0022-3115(98)00510-8



P.A. Bagryansky et al. | Journal of Nuclear Materials 265 (1999) 124-133 125

array of pulsed electric-arc evaporators [4,5]. The time

between arc-evaporator’s pulse and experimental plasma

shot can be minimized to few hundreds of millisecond.

In the case of thermal evaporators this time is deter-

mined by cooling time which is much longer.The ob-

jectives of the work are as follows:

1. to optimize the first wall pre-conditioning and the ti-
tanium deposition using arc-evaporators;

2. to reduce the charge-exchange losses of the fast ions
by a higher vacuum and by a smaller gas release from
the wall during the shots;

3. to compare measured dynamic gas densities with the
results of calculations and, thus, to determine the re-
cycling characteristic of the Ti-coated chamber wall.
The paper is organized as follows. In Section 2 a brief

description of the GDT facility is given with an em-

phasis on the characteristics of vacuum and Ti-gettering
systems. Sections 3 and 4 contain descriptions of the
wall pre-conditioning and vacuum conditioning proce-
dures. Section 5 describes plasma diagnostics and sys-
tem which monitors vacuum conditions during plasma

shot. Experimental results are presented in Section 6.

The Section 7 discusses the experimental results in

comparison with the predictions of Monte Carlo simu-

lations of the neutral transport in the GDT.

2. Experimental layout

The GDT is an axisymmetric, long magnetic mirror
device which is operated with a hydrogen plasma. De-
scriptions of plasma confinement and stability in the
device are given elsewhere [1]. Its layout is shown in
Fig. 1. Table 1 lists the main parameters of the facility.

The main objective of the GDT experiments is to
study the basic physical phenomena underlying the
project of a 14 MeV neutron source [6] dedicated for
fusion materials irradiation testing. Essentially, this as-
sumes that energy balance and stability of high plasma
beta neutral-beam-heated plasma are to be studied.

2.1. Scenario of the experiment

A collisional plasma with the fast ion minority is
confined in a long solenoidal central cell (1) with mirror
plugs at both ends (17) [2, 3]. The plasma start-up is
accomplished during 3.5 mc by injecting a plasma along
the field lines from one end. For that purpose a gas-
puffed washer-stack plasma gun (4) is installed inside the
end tank (see Fig. 1). High current arc discharge in the
gun is fed by hydrogen in the amount of 1-5 Torr 1 per
plasma shot. According to special measurements the
gun-produced plasma is highly ionized (>99.9%). In
fact, the gas puffing into the gun does not provide sub-
stantial increase in the central cell pressure during a
shot, because of a sufficiently low gas conductance be-
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Fig. 1. The GDT layout: 1 — central cell; 2 — end cells; 3 —
plasma dump; 4 — plasma gun; 5 — NB-injectors; 6 — NB-dumps;
7 — internal liner plates; 8§ — magnetic field coils; 9 — turbo-
molecular pumps; 10 — Ti-evaporators; 11 — Ti-getter pumps; 12
— liquid helium pumps; 13 — diamagnetic loops; 14 — bolome-
ters; 15 — FIMIG; 16 — QMA, 17 — mirror plugs.

tween cells through the linking mirror throat (<500 1/s
for hydrogen). Subsequently, the target plasma column
with an initial temperature of 3-5 eV and density of
6 x 10"-10 x 10'* cm~ is heated up by NB injection
which at the same time provides the desired fast ions.
The typical time of NB-injection is 1.2 ms. The lifetime
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Table 1

The GDT parameters

Parameter Value
Mirror-to-mirror 7 m
Magnetic field at midplane upto 0.22 T
In mirrors 25-15T
Density of the target plasma 0.1 x 10'*-1.5 x 10" cm™3
Radius of the target plasma 8-15 cm
Injection energy of NB 14-17.5 keV
Pulse duration of NB 1.2 ms
Total injection power of NB 2.5-4 MW
Injection angle of NB 45°

Up to 10" ¢cm™3
4.5-5.5 keV

Peak density of fast ions
with mean energy

of fast ions depends on drag rate on electrons, Coulomb
scattering rate and charge-exchange rate. Typically the
lifetime is 500-600 ps. The NB deposition is not com-
pletely axisymmetric. Six NB-injectors (5) are azimuth-
ally arranged in two groups on opposite sides of the
central cell. The azimuthal angle between injectors in the
group is 30°.

2.2. GDT vacuum system

The GDT vacuum vessel consists of three main
chambers: a central cell confining the main plasma and
end cells attached to both ends of the central cell. The
central cell volume, including the injector ducts is 9 m?.
The volume of the end tank containing the plasma gun
amounts to 5 m>. The opposite tank which is 5.5 m? in
volume, houses a cusp cell. Diameter of the opening
inside the mirror plugs is about 80 mm, gas conductance
between the three chambers estimates as 500 1/s for H,.
It is important to note, that the inner walls of vacuum
vessel close to mirror plugs act as plasma limiters. The
material of the limiter is stainless steel coated by tita-
nium. All the joints that require periodical connections
and disconnections are made with the elastomer sea-
lings. The central cell and the end chambers are pumped
out by 1.5 m®/s turbomolecular pumps each. Addition-
ally, there are installed four 2.5 m?/s liquid helium cry-
opumps. Two of them are located in the central cell, the
others in the end cells. Additionally, there are also liquid
nitrogen (LN) cooled water traps inside the central cell
with a pumping speed of about 3.5 m’/s (for water va-
por). The end cells are additionally equipped with pulsed
Ti-getter pumps containing LN-panels inside [5]. They
add 2.5 m*/s each. Three of them are installed in the end
tank housing the plasma gun.

The volume of the injector beamlines is 0.3 m? each.
In order to prevent the hydrogen which is puffed inside
the injectors, to enter the central cell during a plasma
shot, baffles are installed in the duct between the neu-
tralizer and the chamber entrance. These baffles are
oriented along the beam particle trajectories so that the

projected beam transparency of 0.98 is preserved. On the
other hand, the gas conductance is significantly reduced
as desired. In that way a time delay of the gas puff dif-
fusion into the central cell exceeding 10 ms has been
achieved. This measure the gas source from the beam-
lines became less than other sources. The beam dumps
which are located facing the injectors are also equipped
with baffles of similar design to provide the required
delay of the gas released from its surfaces.

In experimental runs the NBS are injected in intervals
of 60 s to control the grid’s conditions. Each shot of NB-
injectors introduces about 3 x 10" hydrogen molecules
into the chamber. The interval between plasma shots is
longer, and amounts to 5 min. Taking into the account
the additional gas from the plasma gun, one can esti-
mate that the total amount of gas entering the GDT
vacuum vessel during a plasma shot is about 2 x 10%
molecules.

2.3. First wall liner

In order to improve wall conditions in the central cell
of the vacuum chamber Ti-evaporators have been in-
stalled which are capable of depositing a sufficiently thin
metallic film on the inner surface of the chamber in short
time. Problems can occur with a metallic film deposited
by an electric-arc evaporator with high evaporation rate.
Blistering and shrinking of the film often occur, espe-
cially, if the film thickness exceeds 0.1 mm. Moreover,
unless special precautions have been taken the film may
detach from the wall. To minimize this risk a specially
prepared stainless steel liner has been mounted on the
inner wall surface of the central cell. The liner consists of
2 mm thick panels directly bolted to the chamber walls.
Before mounting (just once), the plates have been gone
through sand blasting, washing with distilled water and
continuous baking in vacuum at 450°C. By the sand
blasting the surface of the plates became rough and so
effectively enlarged about 1.4-2 times. The advantage of
the higher surface roughness of the plates is twofold,
both the adhesion of the coated Ti-film to the plate and
its pumping rate are increased [5]. It is important to
note, that baking procedure is not used. The tempera-
ture of vacuum vessel and liner plates is close to the
room temperature.

2.4. Ti-evaporators

In order to deposit the film homogeneously into the
liner surface totaling 21 m? arc Ti-evaporators are in-
stalled in the central cell at nine locations along the axis
(see (10) in Fig. 1.). The layout of an arc-evaporator is
schematically shown in Fig. 2. [4]. The exhaustible tita-
nium body of the evaporator consists of three radial
sticks which are connected in the joint middle (2). The
ends of the sticks are connected to the phases of a three
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Fig. 2. The layout of an evaporator: 1 — Mo-shield; 2 — Ti-
electrode; 3 — stainless steel shield; 4 — Cu-conductor; 5 — trigger
device; 6 — Mo-conductor; 7 — trigger conductor; 8 — flange.

phase voltage supply line. The cathode spots are fixed on
the surface of the rods by virtue of their reverse motions
in the magnetic fields which are produced by the oscil-
lating currents flowing along the rods. Such a design of
the evaporator ensures a homogeneous consumption of
the rods. On their back sides the rods are protected by a
molybdenum shield (1) which prevents the spots from
entering back to the upper side. The arc is initiated by a
trigger (5) in which a breakdown occurs over the surface
of a ceramic ring insulator. Trigger voltage pulse is
supplied through a special feed (7). The duration of the
arc discharges is varied by switching off and on the
thyristors in the phases of the supply line. The evapo-
rators are operated in a pulse mode, therefore, their
averaged current appears to be small enough. The
moderate mean power consumption of the evaporators
makes it possible to use just three 2.5 kVA three-phase
transformers to supply them all.

The current through one evaporator typically
amounts to 300-400 A that corresponds to 15-20 pg/s
evaporation rate. To deposit a Ti-film on the liner the
evaporators are switched on for 0.25 s. This procedure

produces a film of a mean thickness of about 3 A.
Special flaps which are driven by an joint pneumatic-
system are used to prevent the Ti-coating of the probes,
optical ports, and other sensitive parts of the diagnostics
located in the central cell. There are also several movable
diagnostic elements that are installed on feedthroughs
driven by computer controlled step motors. Before
starting the deposition procedure these diagnostics are
retracted into regions protected by special shields.

3. Liner pre-conditioning procedure

After installing the liner plates, a special pre-condi-
tioning procedure has been accomplished to improve
adhesion of Ti-film. First, the chamber was pumped out
and the first wall pre-conditioning was performed by a
sequence of glow discharges. The glow discharge clean-
ing was applied just once after the liner installation.
Discharges were initiated by an array of five passively
cooled anodes mounted in the central cell. The first stage
of glow discharge cleaning was carried out with argon at
200 Pa pressure and continued 12 h. Subsequently, the
cleaning was continued in hydrogen at the same pressure
also for about 12 h. This cleaning procedure was finished
when the time integrated current density of the discharge
exceeded 0.4 C/cm? (in equal amounts for the discharges
in both gases).

At the GDT facility the Ti-gettering system has been
operated during the last three years. About 3 x 10* cy-
cles of evaporation were done so far. The mean thick-
ness of the totally deposited film is estimated to be about
10 um. Until now there are no observations that the
titanium film detaches from the wall. This is confirmed
by the regularly monitored radiation losses of the plas-
ma which are negligibly small proofing that there is no
considerable amount of titanium dust inside the system.

4. Vacuum conditioning

The typical procedure for preparing the required
vacuum conditions to experiments after every opening
the device to air includes:

1. the chamber is evacuated by a mechanical pump that
typically takes 1.5-2.5 h;

2. the preliminary pumping by turbomolecular pumps
during 2-3 h, the base pressure at the end of this
phase attains 1 x 1073-3 x 1073 Pa;

3. the high vacuum pumping using turbomolecular
pumps and LN-traps usually takes 3-5 h what lowers
the pressure to 2.7 x 1074-5.6 x 10~ Pa;

4. the Ti-evaporator system deposits the titanium simul-
taneously on the central cell wall, on the surface of
the Ti-getter pumps and on the walls of the plasma
dump chamber located beyond the cusp end tank
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(see Fig. 1 for details). At the beginning, the evapora-

tors are periodically turned on in intervals of 30 s. Af-

ter half an hour the intervals are enlarged up to 60 s

and after another half an hour — up to 100 s. In this

way, after 2-5 h the base pressure decreases to

2.7 x 1073-6.5 x 107> Pa. Upon completion of this

stage a few tens plasma shots are made for additional

wall conditioning. At the beginning the shots are
made with the gun-produced plasma solely, later on
the NB injectors are turned on, too. After continuous
pumping by means of all pumping tools mentioned
before the base pressure in the central cell attains

1 x 1075-2.7 x 1073 Pa.

5. At this stage, additionally, the cryopumps may be
filled with liquid helium. when the helium is over-
cooled by pumping out helium vapor from the cry-
opumps the central cell pressure reaches
4.9 x 107°-6.5 x 107° Pa.

During routine operation without exposing the
chamber to air, the procedures 2-4 or 2-5 are repeated
as follows: initial pumping (2) — 1 h; high-vacuum
pumping (3) — 0.5 h; Ti-gettering (4) — 1 h.

After 5-10 experimental shots the evaporation sys-
tem starts and deposits the titanium by 10-30 pulses.
The base pressure during the experiments is sustained at
a level of about 0.5 x 107°-1.1 x 10~ Pa depending
upon whether the helium cryopumps operate or not.

5. Vacuum monitoring and plasma diagnostics

The base pressures in eight regions of the GDT
vacuum chamber are monitored by standard inverse
magnetron ionization gauges with a time resolution of 2
s. To measure dynamic gas pressure during a plasma
shot five fast inverse magnetron ionization gauges (FI-
MIG) are used. They are installed 20 cm distant from
the wall in the axial locations shown in Fig. 1. The
measured individual sensitivity of the FIMIGs was dif-
ferent depending on the magnetic field inside the gauge
and on its precise dimensions which slightly vary. Their
values are in the range of 5-20 mA/Pa. The time reso-
lution of the FIMIGs was measured to be about 150 ps.

The charge-exchange and radiation losses from the
plasma were measured by means of a set of pyro-bolo-
meters. The time resolution of the bolometers is 10 ps.
Fig. 1 shows the location of the bolometers in the cen-
tral cell. Near to the midplane the fast ions are neu-
tralized by charge-exchanging with neutral particles and
leave the plasma within a rather small interval of pitch
angles near the injection angle of 45°. Because of this,
here we are able to separately measure charge-exchange
losses of fast ions and radiative losses from the plasma.
For this purpose, the bolometer located at the midplane
is used in conjunction with a movable collimating tube
aimed on axis (Fig. 3). If the collimator is moved out-

Fig. 3. The layout of the pyro bolometer installed near the
midplane: 1 — pyro bolometer; 2 — radiation flux from plasma; 3
— charge-exchange neutrals (pitch-angles close to 45°); 4,5 — the
extreme positions of the collimator.

wards to the extreme radial position, an acceptance
angle of the bolometer is large enough (close to 2m), so
that the bolometer sees the radiative losses from the
entire plasma column as well as the charge-exchange fast
neutrals. In the down position, the collimator prevents
the fast neutrals (with pitch angles near 45°) from en-
tering the bolometer. Hence the charge-exchange losses
are not observed. At the same time, the solid angles at
which the bolometer views the plasma in both positions
of the collimator do not differ significantly, so that the
measured radiative losses are kept almost constant. This
permits a differentiation of the central cell plasma radi-
ative losses from the charge-exchange losses.

Thus, near the midplane radiative and the sum of
charge-exchange and radiative losses can be measured in
subsequent shots. To measure the radiative losses from
the entire plasma in the central cell, we additionally use
bolometers located beyond the turning point of the en-
ergetic ions in the region where charge-exchange losses
become negligibly small compared to radiative ones. It
was observed that in the regimes under consideration the
charge-exchange losses are dominant. The energy con-
tents of the target plasma and of the fast ions were de-
termined by the diamagnetic loops located at the
midplane and beyond the turning point of the fast ions.

Using the measured energy contents W; and the
charge-exchange losses P, of the fast ions their effective
charge-exchange energy lifetime 7. was calculated as the
ratio of the two quantities 7., = W/ P., and then used to
characterize the vacuum conditions before and after the
installation of the Ti-evaporation system.

The profiles of plasma density and temperature were
measured using movable triple probes, the Thomson
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scattering system and the array of NB attenuation de-
tectors. NB attenuation detectors are also used to mea-
sure the trapped power of NB. These data were used (see
Section. 7) in the calculations of the hydrogen gas and
fast ions using the Fast Ion Transport code, FIT [7].

6. Experimental results

The hydrogen pumping rate of the deposited titani-
um film was measured by pulsed puffing of hydrogen
into the central cell and subsequent measurements of the
characteristic pressure drop time. By these measure-
ments the pumping rate of the titanium film has been
estimated to be 1.5-2 1/s cm? that is in a reasonable
agreement with the data for a pure titanium surface at
room temperature [8]. It is worthwhile to note that this
figure has not changed since the last three years of op-
eration with the Ti-coated container wall at the GDT
facility.

Residual gases are monitored by a quadrupole mass-
analyzer (QMA) installed in the central cell of the GDT.
Oxygen, nitrogen, water, and methane are the dominant
gas components. The QMA registers their almost equal
partial pressures in shot-to-shot intervals. After a plas-
ma shot, the partial pressures of hydrogen builds up by
two orders of magnitude higher than that of the other
gases and thus we took the hypothesis that also during a
shot all other gases but hydrogen may be neglected in
calculations of charge-exchange losses of fast ions. As
yet this was not directly verified by the measurements of
partial pressures of other gases but hydrogen during a
shot. Nevertheless, this hypothesis is supported by rea-
sonable agreement between measurements of dynamic
pressures in the different points inside the central cell
and calculations of hydrogen behavior during a shot (see
Section 7 for details).

Total NB power in excess of 4 MW (for 14-17.5 keV
beam energies) is injected into the central cell during 1.2
ms. About a half of the injected power is trapped due to
charge-exchange and ionization collisions with target
plasma particles providing fast ions build-up. The fast
ion density was measured by making use of an array of
diamagnetic loops installed at different axial locations
coupled with the measurements of the energy and an-
gular distribution of fast ions at the midplane. Accord-
ing to these measurements, by the end of the injection
the fast ion density reaches 10'* cm~? in vicinity of the
turning points. The temporal behavior of the injected
and trapped NB power is shown in Fig. 4. In recent
experiments [3], after Ti-evaporators have been em-
ployed, a temperature of the collisional target plasma
exceeding 100 eV was measured. The energy spectra of
the fast ions covers the whole range up to the injection
energy. The mean energy of fast ions was measured to be
4.5-5.5 keV.
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Fig. 4. Time evolution of the injected and trapped NB power.

Temporal variation of the charge-exchange and ra-
diative losses in a typical shot is shown in Fig. 5. It is
worthwhile to note that these were much smaller than
trapped NB power.

The charge-exchange lifetime of the fast ions (defined
as in the previous section) measured in reference shots
before the installation of the Ti-gettering system and
after that is shown in Fig. 6. One can see that with a
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Fig. 5. Temporal variation of total charge-exchange and radi-
ative losses during plasma shot.
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Fig. 6. Charge-exchange lifetime of the fast ions before
(SHOT:76) and after (SHOT:150) Ti-gettering.

titanium film on the wall the charge-exchange lifetime of
fast ions increases to nearly 10 ms. In contrast to that, in
the reference shots without Ti-gettering the charge-ex-
change lifetime was decreasing during the injection pulse
due to strong gas release from the wall caused by the
bombardment with energetic neutrals. That is, the gas
recycling at the wall has been significantly reduced by
the titanium evaporation and, consequently, the charge-
exchange losses of the fast ions have been decreased by
about two orders of magnitude and became negligible in
their energy balance, whereas in non-conditioned shots
those were dominant [2].

The temporal variation of the gas density was mea-
sured by the FIMIGs. Fig. 7 shows the results measured
at the midplane for two regimes. The one, marked as
‘fresh” Ti-film, was recorded 5 min after the Ti-evapo-
ration and the other, marked as ‘old’ Ti-film, 1 h after
that. It is clearly seen from Fig. 7 that continuous ex-
posing of the film to residual gases atmosphere results in
significant (4-5 times) increase of number of neutral
particles released during plasma shot.

7. Discussion

The presented data clearly indicate that fast Ti-de-
position on the liner significantly improve wall condi-
tions at GDT. The wall conditions may be characterized
by the recycling coefficient y defined similarly as in [9]

b
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Fig. 7. Density variation at the GDT midplane measured by
FIMIG and that simulated by TUBE.

For a pure metallic wall the recycling coefficient is
constrained to be within the limit y < 1 in contrast to the
case of wall covered by monolayers of gas molecules
when 7y > 1 can be realized. To compare the properties
of the fast deposited Ti-film with those of pure metallic
surface the neutral gas evolution during a shot was
calculated by means of the neutral transport code TUBE
and the FIT code [7]. TUBE performs the Monte Carlo
simulation of the time-dependent, linear neutral particle
transport inside a metallic container which may be
composed by an arbitrary sequence of cylinders and
cones. At present, only the coupled transport of hy-
drogen atoms and molecules may be simulated. Their
interactions with the hydrogen plasma and the container
walls are dealt with analogously as by the EIRENE code
[10,11] that has been developed for solving neutral gas
problems in tokamaks. The data necessary for the sim-
ulation of the relevant processes are taken from [12-19].
TUBE supposes an independent, axisymmetric and
maxwellized target plasma to be given by density and
temperature distributions. At present, during their ran-
dom walk the hydrogen atoms and molecules interact
with this target plasma only but not with the fast ions
that are injected into the system by the high-energetic
NB injectors. The interaction processes taking into ac-
count by TUBE include absorption, i.e., ionization by
electron and ion impact and scattering by charge-ex-
change with the plasma ions.

The neutral gas inside the GDT facility consists of
several components which are produced by different
sources. Particularly, in the simulations performed the
following sources were included:

1. The residual gas source. It starts hydrogen mole-
cules with isotropic flight directions from space points
equally distributed inside the central cell of the GDT.
Their energy distribution corresponds to room temper-
ature.

2. The plasma-limiter source. This starts neutrals
from the surface of radial limiters as result of the
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following procedure. According to the information on
the target plasma an ion is randomly selected in the near
neighborhood of the limiter, then accelerated perpen-
dicularly to the surface by a sheath potential of
(4.6+0.1) x T, (as measured at the GDT) and after
that processed by the necessary wall reflection model for
atoms.

3. The charge-exchange source. This source is given
as a multitude of birth points with the necessary cine-
matic parameters for the neutrals to be started. This
option is used for both the ‘warm’ neutrals generated by
charge-exchange processes of the injected NB at the
target plasma ions and for the ‘fast’ neutrals that were
born during the transport of the fast ions by charge-
exchanging with the neutral gas. The required data are
generated by the FIT code using measured parameters
of the target plasma and injected beams as inputs.

To separate contribution of each neutral gas com-
ponent the calculations were carried out for each source
separately. The residual gas calculation starts just at the
beginning of the plasma gun operation 2 ms before the
NB injection. The initial conditions are determined by
the measured value of the gas pressure inside the central
cell. The limiter gas calculation also starts with the
plasma gun. The necessary information for the source
are completely extracted from the measured density and
temperature distributions of the target plasma. The NB
injection generates the sources of the warm and fast
neutrals. The first one terminates with the NB injection
whereas the other falls off with the number of fast ions
inside the system. The source distribution of the fast
neutrals was produced by a FIT calculation. In this
simulation the neutral gas had been approximately
modeled by TUBE results for the warm gas components.
All calculations were extended up to 2 ms after the start
of the NBs.

The TUBE code differently simulates the interactions
of atoms and molecules with the Ti-coated container
wall. Molecules are of low-energy which is determined
by the wall temperature. Therefore, a molecule striking
the surface is assumed not to penetrate into the wall but
to detach just one molecule which has been adsorbed on
the surface. The flight direction of the secondary mole-
cule is randomly selected from a cosine-distribution
relatively to the surface normal and the energy is that of
the incident molecule. Contrary to that the reflection
model used for atoms is a more complicated one. Fur-
thermore, there is a certain arbitrariness caused by the
remarkable lack of data for incident energies below 10
eV. Using published data the following simulation
scheme has been incorporated in TUBE. Assuming a
hydrogen atom striking the surface with energy E™ and
statistical weight WT™ then one H-atom is reflected
with the weight WT™1 = WT" x Ry(1 — P,,) and with
the energy E™ = E" x Rj;. Furthermore, a molecule is
emitted with the weight WT;;;1 = WT™™ x (1 — Ry)

X (1 — Pups) x 1/2. Here Rn(E™) and Ri(E™) are the
particle and energy reflection coefficients, respectively
[15,16], pabs — absorption probability. With P,,; =0, the
model corresponds to a ‘saturated wall’. For atoms with
E™ < 10 eV TUBE offers also the model of a ‘pumping
wall” that absorbs atoms with the probability
Pys = exp(—E"™/E*) where E* is the surface binding
energy. In calculations the value=1 eV was used for
titanium.

The distribution of the secondary flight direction is a
superposition of the specular and the cosine distribu-
tions [10,11]. The calculations were perfomed with the
mixing parameter of 0.5.

For the given plasma and injection conditions the
time evolutions of the various neutral gas components
inside the central cell were simulated by means of
TUBE. Especially, the dynamic gas densities at the
various detector positions were calculated. In these cal-
culations the chamber wall was approximately modeled
as a closed cylindrical and conical surface without the
manifold entrances of the diagnostic and NB injection
systems. For the midplane detector the results of that
calculation with the wall reflection model ‘with absorp-
tion” are also presented in Fig. 7. The results obtained
with the saturated wall model are only slightly higher.
The good agreement between numerical and experi-
mental results allows to draw two conclusions, firstly,
that a fresh Ti-film may be characterized as a clean ti-
tanium wall with a recycling coefficient y ~ 1 and, sec-
ondly, that other gas sources have a negligible effect on
the fast ions.

From the measured data with the old Ti-film one can
roughly estimate that after 1 h y =~ 3—4 has been reached.
Under the conditions before the installation of the Ti-
evaporation system the value of the effective recycling
coefficient is estimated to be > 1.

For the central region Fig. 8 shows the time behavior
of the gas components that are generated by the different
sources modeled by TUBE. Especially, two facts are to
be emphasized, namely, that during the fast ion peak the
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Fig. 8. Temporal variation of the neutral gas components
density simulated by TUBE code at midplane of the GDT.



132 P.A. Bagryansky et al. | Journal of Nuclear Materials 265 (1999) 124—-133

190 -J
n.,10 em
A

=350 =250 -150 50 50 150 250 350

Fig. 9. Simulated spatial profile of neutrals in GDT at the final
stage of NB injection.

component of the warm neutral source gives about 70%
of the total gas density and that the contribution from
the plasma-limiter source amounts merely 10%. The
latter results from the circumstance that this source is
built by the plasma streaming on the inner wall near to
the mirror plugs and, therefore is located far from the
center and, additionally, the relatively narrow chamber
with the plasma column inside reduces considerably the
gas conductance. Fig. 9 presents the calculated r, z-
profile of the total neutral gas at the time 0.8 ms after
start of NB injection (z— is directed along magnetic axes
of the GDT facility, z=0 corresponds to the midplane,
z= 4350 cm are z-coordinates of mirror plugs and
limiters). The picture illustrates that to great extent the
central part of the plasma column is well-shielded by
the plasma itself but with two exceptions. These are the
regions near to the mirror which are fed by the limiter
sources and the region near to the midplane which is fed
by the warm neutral source. According to the experi-
mental data confirmed by simulations only the latter is
of importance for the fast ions.

8. Conclusions

The study of the fast ions is one of the main ob-
jectives of the GDT experimental research program. In
order to decrease the charge-exchange losses of the
ions, the reduction of the neutral recycling at the
chamber wall is an essential demand. For that purpose,
an array of Ti-evaporators of electric-arc type has been
installed inside the central cell of the device. This sys-
tem and its application procedure have been optimized
to allow the fast (just before experimental shot) and
homogeneous coating of the wall surface at any time.
To improve the adhesion of the film on the background
wall, the inner surface of the chamber has been covered
by stainless steel panels which were undergone several
special treatments. After three years of operation it has

been established that the evaporation system works
with high reliability and that no titanium has come off
until now.

The evolution of the neutral particles in the presence
of NB injection has been studied by special measure-
ments and by means of Monte Carlo codes. The rea-
sonable agreement between experimental and numerical
results in the case of fresh Ti-films allows to conclude
that for those the recycling coefficient of the fast neu-
trals, the energy of which covers the range of (0.1-15)
keV, is close to unity what had not been the case before
the installation of the Ti-evaporation system. This fact
also implies that the evaporated titanium film has,
within measurement and calculation accuracy, the same
neutral recycling properties as pure metallic titanium.
The installed evaporation system allows to perform ex-
periments with NB injection producing fast ions with a
mean charge-exchange lifetime of ~10 ms that has been
mainly achieved by the drastic reduction of the fast
neutral recycling at the chamber wall. The reasonable
agreement in time evolution of neutral gas field, which
was obtained both as result of experiment and computer
simulations, is also the reasonable argument to confirm
the hypothesis, that gases other than hydrogen can be
neglected during the discharge.

Note that the described method of electric-arc coat-
ing can be used for pulse coating of the first wall by
graphite, molybedenum, niobium and other metals as
well as for the fast forming of the multilayer coverings.
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