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ABSTRACT

Studies. have been made of:the MHD-stable ro-
tating plasma with the parameters: mean energy of

jons up to 40 keV in the laboratory frame of reference '

or up to 20keV in rotating frame reference, plasma
density 3-10"" cm™® (and up to 10'2 em~?% in' special
regimes), mean energy of eleétrons 0.1—1.0keV
(non-Maxwellian spectrum), life-time of particles
10" s (determined by the charge exchange), and
plasma volume 0.1 m® in experiments of the PSP-2
device.

The field strength on the plasma was about 20
kV/cm, and the total voltage achieved 0.5 MV. The
MHD stabilization conditions are in agreement. with
the theoretical estimates.

A hot plasma was created in a high-voltage EXB
discharge, the cold hydrogen gas having been puffed
without any heating and plasma injection systems.
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INTRODUCTION

The experiments described below were intended to solve a num-
ber of fundamental problems associated with the creation of thermo-
nuclear systems on the basis of a rotating plasma trap, as well as
to investigate analogous systems with a number of full-scale para-
meters. The experiments were performed on the PSP-2 device
[1 —3] —one of the modifications of similar systems —the rotating
plasma trap using an electrode system placed within the mirror
region.

The most important problems in setting up the PSP-2 experi-
ments were:

1. Applications of the total radial potentials (U ap to
05—1 MV (up to 5—10 MV in a reactor) to a plasma. Similar
plasma was earlier studied at no more than 20—30 kV total vol-
tages [4—6];

2. Production of a highly-ionized rotating plasma in the
quasi-stationary mode of operation. The nesessary condition for this
is enough high energy of ions, Wi>20-+30keV, and, as a conse-
quence, enough high value of U; (U>0.2-+-0.3 MV) at a/pi>1 (a
radial size of the plasma, p;—ion Larmor radius).

3. Production of an MHD stable plasma. It was assumed that
the MHD stabilization of a plasma was achieved under a simultane-
ous action of two factors: a) stabilization with the aid of longitudi-
nal electron losses and b) stabilization attributed to the slipping of
the plasma layers over the radius dQ;/dr=0 («electric shear»
Q,=V./r, Ve =cE/B), see {1].

It is the above problems that determined the basic stages of
these experiments.



1. PSP-2 DEVICE

The PSP-2 device is an open magnetic trap with a radial electric
field (see Figs 1, 2); the physical principles of this system are
stated in [1]. The electric field in the plasma volume is generated
by two identical systems of ring electrodes placed near the magne-
tic mirrors (24 electrodes) and by an outer and an inner liners res-
tricting the plasma. The liner surface coincides with the magnetic
surfaces of the trap. In the first system of ring electrodes which
connects a high-voltage unit to a plasma («active» system) each
pair of electrodes has an independent high-voltage power supply.
The second system is «passive», there are 68 MOhm resistors be-
tween pairs of electrodes. The plasma dimensions in the central
plane are r;=32cm and ry=>51 cm, and the mirrors are 160 cm
distant. The surface of the inner liner looks like a lattice consisting
of titanium rings to avoid the S-discharge (see Ref. [3]). A ring is
50 —70 mm high and 0.5 mm thick, and the rings are at a distance
of about 10 mm from each other.

In the EXB discharge, the plasma is created due to ionization
and heating in the crossed fields. Hydrogen leaks into the chamber
through 6 puff valves equally spaced throughout the azimuth in the
middle of the trap.

The parameters of the device used in these experiments were:
magnetic field in the central plane: B,=8-+10 kG, mirror ratio: 2.4;
total voltage applied to the plasma: up to 450 kV (up to 500 kV at
the electrodes without the dense plasma); the full energy storage in
a HV storage unit: about 100 kJ, the capacitance of each level was
20 uF. The initial vacuum, 1-10~7 torr, was provided by a built-in
cryogenic pump and by two others placed outside; these pumps uti-
lize overcooled helium. The pumping rate is 5-10*1/s and 5-10°1/s,
respectively.

The hydrogen-plasma experiments were made in the pulse regi-
‘me. The time-table of each shot was: the capacitors of the storage
unit are first charged (f;=—100 s, {;,—the time of switching on),
the current appears in magnetic coils (¢{,=—20 s). After that,
hydrogen fills the chamber ({,=-—0.5=1.0-10"%s and the thyristor
keys are switched on (#=0) forming the electrode voltage.

The arrangement of diagnostic instruments is shown in Fig. 2.
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Fig. 1. PSP-2 in section:

5 —electrode system;

4—inner liner;

3 —outer liner;

6 — HV-unit.

2—plasma region;

[ —magnetic field coils;
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Fig. 2. Arrangement of the diagnostic apparatus in the z=0 plane:
Submil!imeter interferometer (/—5): /—HCN-laser, 2—wave guide, 3—chord interferometer,
4 —radial interferometer, 5 —InSb detectors; neutrals analyzer (6—8): 6 —gas stripping cell,
7 —analyzer chamber, 8§ —microchannel plate; optical system (9—/2), 9—collimator, /10— mo-
nochromator, /1 — photomultiplier, /2 —dissector; /3 —secondary emission detectors; /4 — penning

cells.

2. EXPERIMENTAL DATA

Although the maximum parameters of the plasma were rather
high (plasma density: 1-10'?cm™?, 20keV ion energy in the rotating
frame of reference), we used the regimes with moderate parameters
for long-in-time and repeatable experiments (several thousands of
shots).

2.1. Plasma Density

The plasma density was measured by a highly-sensitive
((n+1) yn ~4-10" em™?) multichannel HCN-interferometer ([9, 10].
The plasma was investigated along one radial and six chordic direc-
tions in the central plane of the trap (Fig. 2). In this case, the radi-
al channel of the interferometer determined the mean, plasma den-
sity, and the results of the chordic measurements enabled one to
reconstruct the density profile n(r) [10]. The average plasma densi-
ties, both the measured and the calculated from the reconstructed
distributions, coincided within the measurement errors. The typical
computer oscillograms n(t) are given in Fig. 3 for Us;=330 kV
(Us=U(t=0)). There is a quasi-stationary region where n(f) ~
~ const.

The discharge was ignited in 0.5 to 0.7 ms after the gas puifing,
and then, in 0.5 to 1.0 ms it stopped without any residual currents
and breakdowns in the plasma, with the electrode voltage practi-
cally recovered.

Spacial plasma density distributions n(r) are presented in Fig. 4
for different moments of time and for different values of Ug On the
radial plasma density distribution we can distinguish two main regi-
ons: the 3—5 cm wide region near the outer «positive» liner where
the plasma density is several times lower than the average one, and
the central region (closer to the inner «negative» liner) where an
exponential increasing of density occurs as the distance from the
outer liner grows (a dicrease of r). Between these regions, near the
point r=r" (Ar~13cm) there is an area of decreasing the density.
The maximum density is achieved at a distance equal to 2—3 Lar-
mor radii from the inner liner. As the total voltage, applied to the
plasma, increases up to 300—330 kV, the average and the maxi-
mum plasma densities grow; at higher voltage the change is insig-
nificant. The problems associated with the density profile and with



U,

__EL—/f CTN—
U,=330xV

Fig. 3. Oscillograms:

f(t) —mean plasma density; n(t), no) (f), non —plasma and neutral-gas densities near the inner

liner; U,(t) —total voltage.
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Fig. 4.2. Radial distributions of the plasma density at the onset of the steady-state
phase of the discharge (=200us—) for various regimes:
Ug =270KkV (1), Ug =330kV (2), Us =360kV(3).



the dependence of the average density on the total voltage are
treated in more detail is Sec. 3.1.

2.2. Potentials and Currents in a Plasma

We controlled over the following parameters of the discharge:
total plasma voltage U, voltage U, at each pair of electrodes (23
detectors), current J,, flowing to the plasma from each electrode
(11 probes at odd levels), and current /, flowing between the levels
(12 probes at odd levels).

The discharge is powered by a rectifier-storage unit, one of the
section of which is schematically shown in Fig. 5. This figure also
shows the arrangement of the basic current and voltage probes.

The typical computer oscillograms of the total voltage in the
plasma and the voltages at the particular levels can be seen in
Fig. 6. In this series of experiments use was made of four discrete
values of starting total voltages Ug 270, 300, 330 and 360 kV. The
plasma voltage decreases down in time both on account of the cur-
rents through the plasma and an additional low current in the
power supply system; the latter is needed to provide a reliable ope-
ration of a set of valves-thyristors. Voltage drop at some of the
levels, AUy, is intensified during the discharge, this drop at the
electrodes near the inner liner being more noticeable since the bulk
plasma density is concentrated in this region. The quantity AUy is
determined by the discharging the capacitors and also by voltage
drops at the ballast resistors (50 Ohm). The energy consumption of
the storage unit is 7—20kJ at a total energy in store of up to
50 —100 kJ. Fig. 7 illustrates the voltage distribution on the electro-
des at different moments of the discharge. The radial distribution of
currents J, is given in Fig. 8 at different regimes for {=200ps
from the ignition of the discharge.

The J (r) curve is of the form qualitatively similar to the distri-
bution of n(r). We observe the region where the longitudinal elect-
ron current reduced and coincided with the similar region on the
curve for n(r). On the left of this region, the current density increa-
ses as the distance from the outer liner increases, while on the right
of the local minimum the currents are comparable, unlike the func-
tion n(r), with the maximum currents on the left branch of the curve.

The absolute value of the total current ilowing to the end elect-
rodes XJ, lies within 30 to 70 A and is approximately the same as
the value of the total ion current flowing to the inner liner /93. The
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Fig. 5. High-voltage power supply unit of the N-th level and current and voltage
control elements.
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Fig. 6. Typical oscillograms for U;, Uy, Ns; one scale division in the vertical is
100 kV and in time 0.4 ms.

11




\y Un (¢=0)

Fig. 7. Radial distribution of the
potentials at electrodes U, :
Broken line: §(==200pus—; solid line:
t==500 ps; dots mean values of Uy in a
5-shot series.
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Fig. 8. Radial distribution of J,.
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typical oscillograms of J, on some of the electrodes are shown in
Fig. 9,a.

The Iy measurements were used for monitoring the operation of
the storage unit in adjustment regimes, and also for J, control. The
typical oscillograms for the current /, are in Fig. 9,b.

The potentials and currents presented above were registered by
an «active» electrode system; the information was obtained by
means of 1.0 MV optoelectronic systems [11]. A «passive» electrode
system is located under the floating potential.

2.3. Neutral Charge Exchange Atoms

I. For direct measurements of the plasma rotation velocity and
for measurements of the mean «thermal» ion energy we have studi-
ed the spectrum of fast neutral hydrogen atoms formed by plasma
ions in the charge exchange process on cold neutral hydrogen atoms
(see Fig. 2); the velocity of plasma rotation at different points over
the radius was measured by the edge of this spectrum. The radial
resolution of an analyser was +2.5mm, and the energy resolution
was +-2.5kV. The conditions for the shape of U(r) allowing the
shape of this function to be reconstructed unambiguously were
satisfied in all measurements (see Ref. [12]).

Fig. 10 shows the typical energy spectra of neutral charge
exchange atoms. When reconstructing the spectra the detection effi-
ciency has been assumed to be energy-independent since in the
energy range under consideration (20 to 60 keV) the efficiency vari-
ed by no more than a factor of 1.5—2 on account of both the
change of the charge exchange (ov) in the plasma and the rate of
stripping in the stripping cell. This estimate is consistent with the
results of Ref. [13]. This change in the efficiency has no influence
on the results when reconstructing the U(r) function.

The shape of the spectra somewhat changes as the total voltage
Us grows: the most noticeable changes were observed in going from
330 to 360 kV.

To compare the energy distributions obtained with the simplest
theoretical model the distributions of the neutral charge exchange
atoms along the chords were calculated. Into account was taken the
real distribution of n(r) and no(r); the «thermal» ion energy was
assumed to diminish linearly in time from W=W_; to W (1 —2§).
For £§=0.1=-0.25 the energy spectra coincide well with the experi-
mental ones. Here the average «thermal» ion energy W; is about

13
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Fig. 9. Oscillograms:
Jy (t) and Iy (f); the time step is 0.4 ms.
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Fig. 10. Energy spectra of neutral charge exchange atoms:

Solid line—experiment, r=33.5 and 37cm (Ar=1.5c¢m; 50cm); broken line—calculation,

r=237 cm.
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(1—8)Wg or 09=0.75W, It is obvious that the ions transier a
portion of their thermal energy to the electrons.

2. The flux of fast charge exchange atoms irom the plasma was
also controlled by detectors for «neutral» fluxes (or secondary
emission detectors—SED) (see [6]). Such a detector registers an
average flux of fast atoms at an energy more than 1.0 keV. In our
experiments, we used five detectors positioned on the outer liner at
different distances from the central plane of the trap, the incident
ions having been collimated in the z-direction. In detectors, there
was compensation of the flux of y-quanta which are also capable of
giving the emission of secondary electrons.

We can reconstruct (fairly roughly) the plasma density distribu-
tions along the axis of the device by comparing signals from detec-
tors. Fig. 11 presents the oscillograms from «neutral» detectors lo-

Us 3604V
N5 2=0

I
3 + 1

\‘/—/N; Z2=800mm

Fig. 11. Signals of «neutral» detectors positioned on z=0 and z==200mm (for easi-
ness in interpretation, the signals are of the different polarity).

cated in the central plane and at distance of 20 cm from it. The sig-
nal level at detectors near the end electrodes (2cm from the end
electrodes) was considerably lower (lower than 0.1 compared to the
signal at the center). So the longitudinal plasma size was of the
order of 40 cm.

2.4. H, Profile

The distribution function of neutral charge exchange atoms with
respect to velocities has also studied by broadening the hydrogen
line H,. The experiment was arranged similarly to the previous ones
of this series (Ref. [12]). The basic components of the optical
system are seen in Fig. 2. The procedure of measurements was
based on the Doppler shift in radiation frequency of neutral atoms
which are formed in a plasma as a result of the resonance charge

15



exchange to the excited level with the principal quantum number
g=3. The H, radiation spectrum from the local rotating plasma
region of radius r, which has been measured along a chord with the
impact parameter r,, has a maximum shift relative to the line A on
AA, where

A= YD A dra/r) (1)
c
If the condition
2Ve(rs)
VE(r)<—~—-_l+r,,/r (2)

is fulfilled, the boundary of spectrum, measured along the chord, is
determined by the region where the plasma has the least radius r,.
Condition (2) was always satisfied in this experiment. Thus, measu-
ring A for different impact parameters we can reconstruct the pro-
file Vg (r). It is worth noting that this procedure is inapplicable at
high plasma densities because of the fact that the bulk fraction of
particles is charge exchanged to the ground state (¢=1) and can
then be excited, in flight, by plasma particles. Estimations, however,
show that for our parameters (n<<10%cm™2 V,>1.-100cm.s™")
such an additional radiation is not large (~19%).

Fig. 12 shows the H. shapes obtained at Ug=360 and 270 kV.
In comparison with the experiment described in [12], the spectral
intensity of the signal was noticeably weaker and this necessitates a
greater number of «shots» to obtain the H, profiles. For this reason,
in this experiment the «hots spectral components were measured
mainly along one chord near the inner liner.

It is worth noting that the values of V., obtained by this
method, coincide with the appropriate values obtained when proces-
sing the charge exchange spectra (see Fig. 13)

With increasing Ug from 270 to 330kV, a broadening of the H,
line proportional to V. is observed. When going from 330 to 360 kV
the H, in the stationary part of the discharge changes substantially,
and there appears a significant signal in the spectral region corres-
ponding to the motion of charge exchange atoms in the opposite
direction.

We also measured the intensity of the «cold» H, peak
(A=6563 A) whose formation is due to the excitation of the atomic
neutral gas in the trap volume by plasma particles. Chordic measu-
rements of this signal offer the possibility to reconstruct the local
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Fig. 12.1. H, profiles in diiferent regimes. Experimental dots: Us =270kV
(t=100=500us), Ug=360KkV (f=100ps); calculated curves for Us=360 kV
(t=100ps): £=0 (1), E=0.15 (2), §=0.3 (3).
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Puc. 12.2. H, profiles at Us =360kV for different moments of time: t=100 us (1),
t=200+-500ps (2).
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Fig. 13. Distribution of E(r):

1 —with respect to the velocity of plasma rotation, ® —experimental points from the energy spec-
tra for charge exchange neutrals, ® —those from the H. profile; 2—projection of the electric
field at the end electrodes onto the center of plasma; X — experimental points.

intensity of n-ng-Sy,; here the method applied is similar to the
method for finding the distribution n(r). In a broad range of elect-
ron temperatures (50eV-—-10keV), the rate of excitation of Sy,
changes insignificantly. Correspondingly, making allowance for the
peculiarities of the plasma under analysis, the quantity S, was
assumed to be constant when reconstructing the function n-ng (see
Sect. 3.1).

2.5. Potential Distribution in a Plasma

Potentials at the electrodes and potentials in the rotating plasma
volume on one and the same magnetic surface should coincide with
an accuracy up to eAg~AT,, where A=2--5; in a nonmaxwellian
plasma we may take W., instead of T. [4]. For checking this rela-
tion and for reconstructing the function U(r), all the energy spectra
obtained were processed. The maximum ion energy on the chard
under consideration, which corresponds to a four-fold energy of ion
drift on a given radius, is determined by the position of the spec-
trum edge. Here, for ambiguity of the reconstruction of U(r), an

19



additional condition for the rate of variation of V on the radius

Ve(r) <r 20 3)

should be fulfilled [12]. Near the positive liner in the r=> ro—2p;
range, the quantity V, is reconstructed via extrapolation.

The total plasma voltage, obtained from the measured V. (or
W (r)), coincides with that obtained from direct measurements U,
with an accuracy of about 5%. The discrepancy between them lies
within the accuracy of reconstruction of Vg (r).

-U vV

200

100 7

Fig. 14. Potential distribution in the
central plane U(r) (1), and potenti-
al projection at the end electrodes
onto the center of the plasma (2),
Ug=330kV.
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Fig. 13 shows both the magnitude of the electric field on electro-
des, projected along the magnetic force lines onto the center of the
trap, and the magnitude of E(r), reconstructed from the energy
spectra (330kV). Also given is the value of E(r) at a point, ob-
tained after processing of the H, profile. These data are used to
find the potential in the center of the trap (see Fig. 14). In all
cases, there exists a 10—30kV deep potential well for electrons in
the center of the trap. The longitudinal energy of electrons leaving
the trap may be estimated proceeding from the potential distri-
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bution. It is clear that the escaping electrons («tail» of the distribu-
tion function) have an energy of up to 30keV. The whole set of
experimental data are in agreement with the assumption that the
mean longitudinal electron energy lies within several hundred elect-
ronvolts.

2.6. Neutral Gas

When using cryogenic pumping, the pressure of the residual
neutral gas was roughly 1.-107"torr. After a series of shots
(~10%), hydrogen was the major component of the residual gas
(amount of Oy, No and H.O was less than 1%).

For the discharge to be formed, we introduced into the chamber
a given amount of molecular hydrogen through six electrodynamic
valves equally spaced on the azimuth and filled with gas under a
pressure of 100—200torr (valve volume 0.14 cm® opening time
0.1 ms). The discharge was ignited approximately 0.5 ms after the
valves were opened. By estimation, the amount of the gas flowing
to the working volume is 0.3—0.7 of that stored in the gas valves.
With the chamber volume (0.6 m®) and the delay time of discharge
ignition taken into consideration, the average density of the atomic
neutral gas in the discharge was roughly 1-10"”em ™2 This value
may also be derived from the other independent estimation (see
Sect. 2.7 and 3.1). The relationship between H and H, gas density
will be considered in Sect. 3.1.

The presence of heavy impurities in the neutral gas during the
discharge was controlled by the intensity of the spectral lines. Their
relative content was fairly low: less than 2-10~* for Fe, Cr and Ni
and less than 2-107® for Ti. The fraction of heavy ions Tit and
Fet in the plasma was about 5-107%. A considerable reduction of
the fraction of heavy impurities, compared with [3], is provided by
a protection lattice, composed of Ti rings, on the inner liner.

For monitoring the gas pressure, fast pressure gauges of the
Penning-cell type were positioned behind the outer liner. A notice-
able increase in the pressure behind the liner was only after the dis-
charge stopped, i. e. gas release under the action of fast neutral
atoms and plasma radiation has in practice no effect on the dis-
charge burning regime.
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2.7. Ignition and Quenching of Discharge

The discharge was ignited under a gas pressure in the chamber
of 5.:10" —5.10"2cm™®. A drastic decrease in the pressure (several
times lower as compared with the standard) gives no possibility to
ignite the discharge: under a pressure higher than 5.10'2c¢m™?
either breakdowns take place on electrodes since discharge ignition
conditions on the left branch of Pachen’s curve near electrodes are
fulfilled [14], or breakdowns of the S-discharge type occur in the
plasma volume because of a reduction of E field near the inner
liner (voltage drop on ballasts). For discharge ignition, the distri-
bution of vacuum potentials in the chamber was likely to play a
significant role: it created an electrostatic «well» for electrons, with
uniform potential distribution on the end electrodes (see Fig. 14).
As seen from the radial distributions of currents, the discharge
starts to develop near the outer (positive) liner and then extends
the whole of the volume over the radius.

Quenching of a discharge occurred 0.5—1.0ms after the
discharge ignition. As have already been mentioned, after the dis-
charge was quenched the electrode voltage became full again, i.e.
this event was connected with neither breakdowns nor any change
of the electrode voltage. The moment of quenching is explicitly due
to a sharp decrease in the degree of ionization in the vicinity of the
positive liner, as it is seen from the oscillograms for n (see Fig. 4)
and current /3 at the moment of discharge quenching (see Fig. 9).
After that, the front of lowering the plasma density shifts towards
the inner liner.

It is more probable that a reduction of n and J; near the outer

liner is caused either by the disappearance of the electrostatic
«well» for electrons in this region (it is impossible to observe the
potentials in this region using the above method for measuring
U(r)), or by changes of the shape of the potential «well», for
example, by its narrowing towards the center; the latter also contri-
butes to diminishing the rate of ionization. One more mechanism of
reducing n and J; is possible: a decrease in density ny in the vici-
nity of the outer liner down to a certain boundary value at which
the discharge quenches.

The rate of development and quenching is determined by the
«drift> velocity of charge exchange V.. =¢/t.. (for & see Sect. 3.1):
it is the velocity at which the front of discharge moves from the
positive to the negative liner for time (ro—r))/V.. The dynamics of
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this process is confirmed by a change of the density profile in time
(see Fig. 4). The velocity of propagation of the density front corres-
ponds to V.=10°cm/s. Similar information is given by the time
relations between J, (or U, ) at different levels.

These data enable the density of the neutral gas in the plasma
to be estimated: no="Ve/e-(ov). For Ug=360kV we get
no~1:10"%cm=3,

2.8. Fluxes of Fast Particles to the Trap Walls

Among the factors which limit the plasma density and Ug we
may call the fluxes of fast particles—neutral charge exchange
atoms—to the wall and end electrodes. When this parameter
exceeds some limiting value there have been breakdowns in the
plasma, with a very smooth front of current increase: 107°—10—*s.
The mechanism of developing this process is assumed to be as fol-
lows: the reverse hydrogen flow increases; this leads to an ava-
lanche-like increase in the density of neutral atom in the plasma
and, as a consequence, to the fulfillment of the conditions for a
breakdown according to the left branch of the Paschen’s curve [14]
or to the S-discharge.

The average fluxes of fast particles to the walls (p) may be
estimated from the relation

p=nV/t,-S, (4)

where V is the plasma volume and S is the wall surface. .

For the typical parameters of experiment: plasma density
n=3-10" cm~? charge exchange time t,=10"%s, V=0.5-10°cm®
and S=10°cm® we obtaine the particle flux roughly equal to
1.5-10"°cm™?.s™' for energy of particles 0< W<<8-10*eV. This
corresponds to an energy flux higher than 100 W/cm? in fast partic-
les. This estimate only deals with the average fluxes and one may
assume that the flux to the end electrodes is about 10 to 20 W/cm?
because of multiple reflections from the wall.

These fluxes are comparable with those to the walls in full-scale
thermonuclear devices. At typical parameters (n=10"cm %, t=3s
and V/S=10-=-100cm) we obtain from eq. (4) the quantity p one
order of magnitude less as compared with the above estimates. A
comparison of these fluxes is rather approximate (the difference in
angular distributions and in the composition of fast particles, as
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well as the stationary and pulse systems), but it is, however, evi-
dent that a high-voltage system generating radial electric fields in a
plasma may also operate in the regime of real thermonuclear para-
meters.

3. DISCUSSION

3.1. Properties of the EX B Discharge

A. We will treat the properties of the E X B-discharge in a mag-
netic trap provided that Coulomb scattering proceeds considerably
slower than ionization and charge exchange. The continuity equation
describing the processes in the stationary discharge is of the form

6n/0t=—div(n-55x) s (5)

where dn/dt=n-ne{ov) is the ionization rate at point r; note that
this equation incorporates ionization by ions and electrons.

If the plasma is in axisymmetrical trap and the ion component
of the plasma has no z-average velocity, eq. (5) may be considered

as one-dimensional, and then div(nvcx)zi-ai(rn no{ av-0rdex) is
r 3r

the term related to charge exchange, no{ov-8r),="V,., is the «velo-
city» of the charge exchange drift, 87 is the radial shift of the center
of the Larmor orbit in every step of charge exchange. We may write
(0U -0 Yex= {0V )ex- {Or), where (8r)=c¢e is the average shift of
the center of the Larmor orbit during the period of charge ex-
change.

In the above expressions, averaging takes account of the real
conditions of ion motion in crossed fields.

Assuming that at the point ro (for instance, near the positive
liner) the plasma density is fixed in any way, it is found to obey
the law

nlr) =nlro) "L exp (ro—1) /10, (6)

where yo= (0vdr)./{cov) (see Fig. 17). For a given value of T. ,

the quantity yo/pi is a function of only one parameter, Vg, or for
fixed a/p; and V (r) =const a function U
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The basic parameters of the plasma, r-dependent and controll-
able in experiments, can be expressed using eq. (6). The density of
the longitudinal electron current ]'—J /2nr - Ary may be repre-
sented either as

jy(r)=e S non {ovydz ~L(z) non {ov) (7)
or under the assumption that the plasma dimension L(z) and the
ionization rate are independent of the radius

j”(r)~no-n, (7)

where ng-n vary, over the radius, according to eq. (6).

The flux of neutral charge exchange atoms at the top edge of
the energy spectrum pc along the chord with impact parameter r is
as follows

Ax AQ

pedr) =n no {60 Yex S S f{vy, vy, x)dQdx, ' (8)

where AQ is the solid angle in the velocity space of charge ex-
change neutrals, which is determined by a collimator of the energy
analyzer; x is the coordinate along the observation chord; Ax is
determined by the analyzer energy «window». If the function f; is
independent of (or weakly dependent on) r, and V. (r) =const, i. e.
{ov )ex=const, then pe(r) ~nonr.

If there is a noticeable radial plasma diffusion caused by oscilla-
tions, the diffusion term should be introduced into eq. (5)

nn0<0v)i=—i-:(rnn0(006r>”)+7%( D‘;—':). (9)

With n u D assumed to be invariable over the radius, the solution
of (9) is of the form

nnor=nnorl, g, €xp (ro—nr) /%,
where
x=(x0/2) (1 +(14+4D/x0-vex) /%) . (10)

It the case when the quantity x is known from experiment, we may
define

D=y(x/xo—1) vex. (11)
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B. We will compare the theoretical and experimental radial dis-
tribution curves of the basic plasma parameters in the stationary
phase of discharge.

We reconstruct the function no(r) from the experimental diag-
rams for /[y (r) for the cold component and the from the function
n(r) obtained from the interferometric measurements (see Figs 15.1
and 15.2).

A simular result can be derived from the shape of the spectra
for charge exchange neutrals; the local values of the function non
are found proceeding from the signal intensity p., at the top edge of
charge exchange spectrum; this intensity is determined by the flux
of particles from the region where the impact parameter is minimal.

The experimental radial distributions of the plasma density and
the theoretical n(r) curves obtained from (6) and (10) under diffe-
rent assumptions for no(r) and D are also shown in these figures.
At Ugs =270, 300 and 330 kV the discrepancy between the theoretical
and experimental curves lies within measurement errors, while at
Us =360kV these are very substantial.

Variation of the neutral density near the inner liner with time
and n(t) are presented in Fig. 3; it is seen from these function that
the radial increase in the plasma density is limited because of the
increase in no. These increased densities of the neutral gas in the
vicinity of the inner liner are due to desorption and remission of the
atomic hydrogen which are caused by the flux of fast charge
exchange atoms arrived at this liner. About half of all the fast
atoms from the plasma are incident on it. The central section of the
outher liner was made from thin rings and, therefore, was transpa-
rent for these atoms. Thus, the density profile of the neutral gas is
formed in the plasma which increases to the inner liner and limits
the growth of n(r) (see. eq. (6)). It is clear that the profile ng(r)
should be consistent with the density distribution of the plasma.
When checking this, the velocity distribution function of secondary
neutral atoms is an unknown parameter. Good agreement of the
experimental and theoretical deperidences is obtained (see Figs 15.1,
15.2) under the assumption that the bulk of hydrogen atoms leaving
the inner liner corresponds to Tompson’s energy distribution [15].
In this case, if we put for the surface binding energy of the Tom-
pson distribution E,=1.3eV, which has been measured in [16],
besides fast atoms a small amount (about 89%) of the cold
(T~300K) gas flow is required. A number of experimental data:
the absence of charge exchange molecules (coincidence of the maxi-
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Fig. 15.1. Radial profiles of the plasma and neutral-gas dgnsities at Ug =270kV.

h(r) plasma density: I —experiment ({=200 ps); 2-—calculation at D=0, no(r) —.etx—.

perimental data; 3—-calculation at D=0, no(r) =const; no(r) —neutral gas density:
4 —experiment; 5§ —-calculation.

Fig. 15.2. Radial profiles of the plasma and neutral-gas densities _at Ugs =360 kV:

n(r) —plasma density: [ —experiment (#=200ps); 26—c%lculzl1t10n at D:Oj

no(r) —experimental data; 3-—-calculation at D-l——IO em”-c, no(r) =const;
no(r) —neutral gas density: 4 —experiment; 5 — calculation.
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mum boundary energies measured on the H, line and also the data
of an analyzer of charge exchange neutrals: concidence of U; ob-
tained from the data of charge exchange neutrals analyzer and
direct measurements) the absence of molecular ions (falling off the
density near the inner liner at a distance appoximately equal to two
Larmor radii for H*) evidence that the plasma volume is mainly
filled with the atomic hydrogen. The relatively small fraction of the
molecular hydrogen is accounted for by the fact that the flow of
atomic hydrogen from the titanium wall, which is caused by its
bombardment of neutral charge exchange atoms and ions can be
much more intense than the flow of molecules leaving the surface
because of thermal desorption. The molecular hydrogen, filled
through the valves, charge exchanges in volume and dissociates on
the wall for 50 ps after the discharge onset.

The shape of the function jy(r) is described in detail in
Sect. 2.2. Near the outer liner we have observed the currents coml-
parable with the maximum ones. Here iy (r) is greatly different
from the n(r) diagram. The effect is explained by the fact that on a
size, roughly equal to two or three ion Larmor radii (near the posi-
tive liner) the discharge is initiated mainly due to longitudinal
electric fields and determined by electron ionization. As seen from
the comparison of the current and plasma density measurements,
this discharge occupies the region along the z-axis from mirror to
mirror. In the charge exchange process, the ions leave this, over r,
- for the more «shallow» potential longitudinal well region (higher
electric potentials pulling ions the trap), and therefore, some por-
tion of these ions on the r=r" area can go to the end electrodes.
The reduction of j, (v) near the point r* is most likely to be caused
by this process. On the left of this point, there has been observed an
exponential increase in current density. Comparison of the j, (r) and
nno curves in this region shows that the factor L(z) in (7) is nearly
independent of the radius (see Fig. 16). This makes it possible to
use the one-dimensional discontinuity equation in the description of
the plasma, as it has been made above.

Fig. 16 illustrates the shapes of the functions discussed above in
logarithmic scale, as well as the shapes of the theoretical curves at
different Ug.

The function y(Vg), -calculated by (6) for £=0.25 and
(ov)/=27-10"%cm*-s~ !, and the experimental values of yx, for dif-
ferent V., which were obtained from the data in Fig. 16, are shown
in Fig. 17.
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Fig. 16. Radial distributions of the functions (in relative units):
O, A, U—Jy~nner; ®, A, B—p.(r)~nno(r); broken line—/y -r~nnor from the H? «cold
peak» measurements; solid lines ([, 2, 3) —averaged shape of the function nnor (experiment);
regimes: Ug =270kV (O, @) —curves [ and 5; Ug=330kV (A, A —curve 2; Ug =360kV
(3, ®) —3 and 6, calculation for Ug =360kV at D=0-curve 4.
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Fig. 17. Function % (V.): solid line—calculation, (ocv)=27-10"¢cm?.s™!, £==0.25;
& —experimental points for U =270, 330 and 360 kV.

Comparison of the above curves with the theoretical classical
calculations demonstrates a consistence between them within measu-
rement errors in the Uyz=270-+330kV regimes, i. e. there is no
radial diffusion of both the ions and the electrons.

The maximum D, which has been obtained under the assumption
that a possible discrepancy between the experimental and the theo-
retical values of parameter x (equal to the measurement error)
caused by radial diffusion, amounts to 4-10*cm?.s~', the appro-
priate calculated time of radial losses is 1,>2-10"%s. For
Us=360kV the shapes of the curves show that an intense radial
transfer occurs in the plasma: y becomes twice as much as yo, and
D=10°cm®-s', i. e. 1,=10"*s is comparable with the characte-
ristic lifetime of the particles in the plasma.
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3.2. Plasma Instabilities

The level of oscillations in the plasma volume was not measured
directly. Using near-wall probes, we have fixed a wide spectrum of
electrostatic oscillations within the megahertz range at the edge of
plasma, the level of which does not vary considerably in the dis-
charge process and when changing the discharge regime. A number
of macroscopic effects, observed in the experiment, shows that there
exist at least two types of instabilities in this discharge.

The change of discharge regime in going from
Us=270+-330kV to Us=360kV, may be accounted for by the
appearance oi the flute rotational instability. With increasing Ug,
the instability increment grows, and the charge exchange cross sec-
tion reduces, thereby causing a decrease in longitudinal electron
currents, the latter being a stabilizer for this instability. At
Us=270+-330kV the theoretical and experimental values of the
exponential factor coincide within the experimental error, and we
are able to obtain only the estimate for 1,, 1,>2-10"%s (see
Fig. 17).

It is worth mentioning that good consistence of the theoretical
and experimental values of the exponent factor y is observed under
the condition that electron ionization contributes much enough:
(oeve), =2.7-10"%cm?®.s~" or T.>50eV; the upper limit of T, is
somewhat obscured here because the quantity (ov) varies weakly
when ranging T, from 50eV to 1.0keV.

At Ug=360kV the quantity t, roughly amounts to, in the order
of magnitude, the ion life time: 10™*s. In this regime, the shape of
the n(r) curve changes to a great extent: it approaches the parabo-
lic distribution. Simultaneously, in the spectrum of the H, lines the
excited atoms moving in the direction opposite to that of plasma
rotation are observed (see Fig. 12). This effect is accounted for by
a diffusive adiabatic moving of the plasma ions inside the region of
the liner slits for T (1=t >w;'): in this case, the cyclotron rota-
tion of ions continues, and the azimuthal drift rate falls off to zero.
Estimation of the radial diffusion coefficient near the inner liner
yields for this process

D~20¥7c|,—p, 2 10%cm?.s 7",

Thus, in going from Ug=330kV to Ug=360kV the MHD
instability accompanied by a considerable increase of the radial dif-
fusion is developed.
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We will compare the conditions under which the transition to the
stable regime occurs with the stabilization criterion previously
reated by Bekhtenev and Volosov (Ref. [7]). For stabilization, two
onditions should be fulfilled. First, the time required for leaving
he electrons in the longitudinal direction, 7. should be less that the
‘haracteristic time required for the development of the instability,

y=1"", multiplied by the factor roughly equal to (A/p;)2:

12> Te (kpi)* 2 te(0i/ M) (Toei/ T)) - (12)

Second, the rate of relative slipping of plasma layers should be
ufficiently high to stabilize the higher oscillation modes

m(0Qg /ar) -a./n> 7. (13)
lere p7'~2-107 s,
Telpi/ M) 22 Texl@n/ i) (01/ 1) =Telpi/A)

here A is the characteristic wavelength; if, according to [7], we
ssume A~a,, where a, is the gradient size of the plasma, then
/A=1/3 for the regimes we have studied experimentally.

The quantity T,,, defined as the characteristic energy acquired
7 the leaving electrons for the last flight between mirrors, can be
timated from the magnitude of ihe potential barrier for electrons
J=~10+30kV and the number (N) of longitudinal oscillations of
- electron for the lifetime in the trap. The ratio of the lifetime in
2 trap (3-107°+-10"*s) to the flight time at a maximum energy
-107%s) of about 10°% therefore, T,,=eAU/N'2~1keV. Substi-
ing the above parameters of the plasma into (12), we obtain the
aality in the vicinity of Ug~330kV. On the other hand, the con-
ion (13) also is undoubtedly fulfilled since Q, drops over the
lius by a factor of 1.5 to 2 because of r and E(r) (see Fig. 13).
in the vicinity of Us=330kV there must be the boundary of the
rifugal instability, and this is confirmed experimentally (see
. 17). At Us>330kV the so-called «marginal stabilitys is
ierved at which the instability increment is very small, but how-
r sufficient to change the density profile in a way such that the
idition (12) continues to be fulfilled (y increases because of the
wih of Vi, while 1. (and t.) increases because of the decrease
ocx and a, because of the.diffusion). Note that the increment time
uired for the centrifugal instability to develop about 2-10 7s,

I characteristic time, determined by the diffusion, is 1072 —10*s.
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- It is clear that stabilization here occurs both due to the longitu-
dinal flow of electrons to the end electrodes together with the
«electric shear». All the other possible stabilization mechanisms, for
example «min B» and density profile stabilization, are destabilizing
for this case.

When creating full-scale thermonuclear devices the particle con-
fined time in the trap can be increased up to 1s, with the stability
conserved owing to some factors: an increase of Ug up to 5— 10 MV
(Us/Wi~a/pi), increase of r by a factor of 5—10 (y=V./r), and
a decrease of T,,/T: due to growth of T.. This question has been
considered in Ref. [7].

In addition to MHD-instabilities, kinetic instabilities associated
with a strong nonequilibrium nature of the velocity distribution fun-
ction of ions are also present in the plasma. For the time of one
charge exchange, (107°s) the ions succeed in changing substanti-
ally the initial shape of the distribution function; it is seen from the
comparison of the theoretically calculated energy spectrum of the
ions (by §=0) and the real one (see. Fig. 11), as well as from the
shape of the H, profile (see. Fig. 12).

This instability is most likely to give rise to heating the elect-
rons leaving the trap for the end electrodes. Their energy ranges
from 10 to 30 keV, and coincides, in the order of magnitude with the
mean energy lost by ions for ..

The kinetic instability, responsible for energy transfer from ions
To electrons, is not so significant as the centrifugal instability consi-
dered above. In thermonuclear regimes, the bulk of ion energy is
assumed to be transferred to the electrons due to Coulomb colli-
sions. Thus this process should be taken into account only in cases
of special regimes where T.5=T;; on the other hand, at a sufficiently
spreaded distribution function, for example, with increasing T, this
instability can be absent.

3.3. Limitation of Plasma Density

As has been shown above, the plasma density did not exceed
3-10"" em™® (10" cm™?). Density limitations with increasing Ug
were first and foremost due to a simultaneous increase in the den-
sity of the neutral gas on account of the flux of cold neutral atoms
knocked out from the inner liner by the flux of fast charge ex-
change neutrals.

33




In each act of charge exchange, the ion shifts over the radius by
(8r) =e¢; here the fast atom, leaving for the inner liner with a pro-
bability of ~0.5 is produced. For the period of time between the ion
production due to the ionization and the incidence on the inner liner
the ion is subjected to a./e acts of charge exchange (i. e. a,/2e fast
atoms fall at each ion incident on the inner liner). The .flux of neut-
ral atoms at the inner liner, therefore, is a factor of an/2¢ larger
than the flux of incident ions. If the inner liner is made transparent
for fast atoms, the density of the neutral gas near it will become at
least a./2¢ times less; however, the flux of ions at the liner remains
the same. If the liner is completely removed and the potential is
sustained in the center only due to the electron conduction, the den-
sity of the neutral gas near the inner boundary of the plasma can
be reduced to a more considerable value. In practice, the appear-
ance of the «secondary» neutral atoms in this region can be avoided
completely, and the limitations of the plasma density, because ng
can be eliminated. In this case, the discharge ignition and burning
conditions, as well as plasma stabilization conditions can, however,
change.

Another limitation on the plasma density is connected with the
condition (12). If the increase in density is determined by the de-
crease in no, this will give rise to increasing t.~7cx and, correspon-
dingly, to violating the condition (12), and, as a consequence, to
the lack of stability. This condition can be fulfilled, if the quantity
T, ; reduces with a simultaneous increase of 1, (we hope to have it
due to a certain shortening of the length of the device and a reduc-
tion of the mirror ratio).

3.4. Total Voltage

Obtaining high enough radial voltages in the plasma (of the
order of megavolts) has been one of the major problems whose
solution has made it possible to perform the plasma experiments
described above. The HV technology realized at PSP-2, will be des-
cribed elsewhere; we will here only mention the main peculiarities
and some significant results.

Radial electric fields are introduced into a plasma using a secti-
onalized electrode system (Refs [1—3]). Each pair of electrode is
powered independently, and thus any of the sections has no influ-
ence on the other at any breakdowns inside the section. In most
cases, the breakdown of a particular section does not cause the
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breakdown of the system as a whole. As for the total voltage, the
breakdown can occur only in the region with high magnetic field
and sufficiently high drift velocity (~2-10%cm/s). In view of this,
the energy released during the breakdown, is distributed throughout
a large enough surface of the electrodes and walls (several orders
of magnitude higher that in a usual breakdown). During some of
the total breakdowns the energy stored in capacitors achieved
30— 100kJ, after 2-3 conditioning shots at decreased voltage the
parameters of the HV section having been restored completely.

A preliminary conditioning of ring electrodes is an obligatory
technological procedure for the HV system. To attain the maximum

Us, electrodes were conditioned in pairs (no more than 1 mA cur-
rent) about 10hours. Since the radial distribution of the potential
was linear, Ug=NU y,, where Uy, is the voltage at a pair of
electrodes with minimal U,. We have to emphasize that after condi-
tioning the pair of electrodes conserves the acquired resulted pro-
perties for a long time (U drops by several percent for one year).

As has been mentioned above, the inner liner has a special
lattice surface, and this enabled the appearance of the S-discharge
to be suppressed (the discharge with active self-sputtering of the
liner wall which creates a plasma with high content of the metal
ions) (see Ref. [3]).

There are some other factors which are very important when
achieving high voltage at the device: vacuum conditions in the expe-
riment and conditioning (107 and 10~%torr, respectively), the
material of the liner walls and electrodes (Ti and stainless steel),
the form of the potential distribution at the end electrodes, etc.

The major result of the experimerits under discussion is a confir-
mation of one of the main ideas of the authors: a practically linear
increase of Ug is possible with increasing the number of electrodes
in the rotating-plasma trap. The difference from the linear low is
explained by the fact that in multi-element systems conditioning
takes a prolonged period of time (because of both the number of
elements and the total surface area increase), and therefore the
somewhat lower voltages are applied to the pairs.

The methods described above have made it possibie to obtain the
total potentials Ug in the conditioning process: 0.5 MV (24 elect-
rodes, liner-to-liner distance near the electrodes is 11.5 cm) and 0.40
to 0.45 MV in the case of a work with the plasma. No basic limitati-
ons on the growth of Ug with the number of electrodes in the condi-
tioning regime have been revealed.
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4. CONCLUSION

1. A hot rotating plasma with a mean energy of ions up to
20keV (in the rotating frame of reference) and electron energy of
about 0.1 —1.0keV (nonmaxwellian spectrum) with the upper boun-
dary W.=10--30keV has been obtained. .

2. A plasma density of up to 3-10'' cm—2 has been obtained in
most of the operating modes and up to 10'2cm~* in special regimes.
The limitation of density by rising Ug is caused by two factors: the
violation of the MHD stability condition and the increase in the
neutral gas density near th inner liner.

3. The existence of the regimes has been shown in which the hot
rotating plasma is MHD-stable with a characteristic time of diffusi-
on transverse losses' larger that 2-103s (Us=330kV). As. Ug
increases, the plasma transforms into the state of MHD marginal
stability with a characteristic diffusion times of about 10~*s. The
position of the stability boundary is consistent with the theoretical
estimation. ‘

4. An accelerated (as compared to the Coulomb process) loss of
the «thermal» energy of ions coupled with the increase of the longi-
tudinal electron energy (up to 10—30keV), has been observed; this
may be explained by the development of the kinetic instability. The
explanation of this process by Galeev and Sagdeev seems us the
most probable (see Ref. [17]). The instability of this kind must not
manifest itself in full-scale PSP-2 based devices.

5. The possibility of the existence of a high-temperature
(W:=20keV) discharge in crossed EX B fields without any plasma
sources and special heating systems has been shown. There is a
good agreement between the observed properties of the discharge
and the elementary theory of discharge.

6. The velocities of electric drift (V) have been obtained which
are much higher than Aliven’s critical velocity (V.). In our case, Ve
achieved 2-10®cmy/s, i. e. it is 40 times larger than V. (V.=5-10°
cm/s). No basic limitations on further increase of V. have been
observed. This result evidences that the authors’ ideas about the
factors hampering the increase of V. in a rotating plasma and abo-
ut the methods eliminating these factors are valid.

In the number of the earlier experiments a quasi-stationary plas-
ma with Vy> V. (by a factor of 3—5) was observed, however the
attempt to further increase V, was not successful. For this reasorn,
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the question dealing with the possibility of plasma production at
thermonuclear ion energies (W;=10*=-3-10*eV) on the basis of an
EXB trap has remained still open. The results obtained unambi-
guously speak for such a possibility.

7. It has been shown that being applied to the rotating plasma
the total voltage can achieve 0.4 —0.5 MV in the quasi-stationary
regime. The derived value of Ujg lies relatively close to the total \_rol—
tages necessary for subthermonuclear devices besed on this principle
(Refs [1, 18]). These results have been obtained at the fluxes of
fast neutral atoms at both the walls and the high-voltage elements,
which were close to those expected in the future devices with ther-

‘monuclear parameters.
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