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Velocity of plasma rotation in reflex discharge with themionic cathode
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This work is devoted to determining the azimuthal ion rotation velocity in a reflex discharge with a thermionic
cathode. For the experimental determination of the ion velocity, a Mach probe with directional particle collection
was used. The Mach probe rotation velocity measurements are compared with the drift speed in crossed E x B
fields, where the radial electric field is measured with an emissive probe. The rotation of the plasma was found to
be predominantly due to this drift, corrected for centrifugal effects. One of the important results of the work is the
determination of the ion temperature. The obtained value T; = 0.12 eV, agrees with the ion temperature estimates
in works with similar experimental conditions. A general parameter has been obtained that makes it possible to
estimate the necessity to take into account centrifugal effects under given conditions.
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Introduction

Reprocessing of spent nuclear fuel to close the nuclear
fuel cycle is one of the challenges facing modern nuclear
power. Plasma methods appear to be very promising,
under them the mixture of heavy and light components is
transferred to a plasma state and is further separated in
electric and magnetic fields. The present paper is part of
the studies carried out during the development of one of
these methods on the LaPlaS setup [1,2].

The key issue for plasma methods based on the use of the
T. Okawa mass filter [3] and the V.P. Smirnov separator [4]
is the creation of a spatial distribution of the electrostatic
potential with a given profile in magnetized plasma [5,0].
It is assumed that the particles of the separated substance
will be entrained by the crossed E x B fields and separated
in space according to their masses. Being in crossed
electric and magnetic fields, the plasma begins to rotate
in the azimuthal direction. The measurement of the plasma
rotation speed will contribute to the understanding of the
physical processes occurring in the reflex discharge, will
make it possible to confirm the data obtained using the
emission probe, and to determine the temperature of the
ions.

In this paper we used a Mach probe to diagnose the
velocity of charged particle flows. Such probe is used to
study plasma in tokamaks [7], since there it is difficult to
optically diagnose hydrogen atoms, the ion of which does
not contain electrons for radiation emission. The Mach
probe is the cheapest and easiest to manufacture probe for
measuring charged particle flows [8], besides, it can measure
ion flows in dusty plasma [9].

The simplest Mach probe consists of two conductive
collectors separated by a dielectric. A potential negative
relative to the surrounding plasma is applied to the col-
lectors, due to which the probe collects ions in the ion
saturation mode. From the collector, which is at ,,upstream™
side, the current |y, is collected, and the corresponding
flow to the collector is called ,,upstream®. On the opposite
collector (,,downstream® side) current | gown is collected, the
corresponding flow is ,,downstream™. The Mach number
of the ion flow is determined from the semi-empirical
formula [8,10-14]:

R— 1w _ kM (1)
Idown
Here K is the calibration coefficient, the formula for which
depends on the plasma magnetization and the mode of
operation of the probe, and M = vq4/Cs is the Mach number
of the ion flow moving with a drift velocity vq. The speed
of sound is defined as cs = +/(Ti + Te)/m.

The Mach probe has two modes of operation: magnetized
and unmagnetized, which differ from each other by the
ratios between the ion cyclotron radius r¢ and the character-
istic size of the probe collector r, [13]. Currently, methods
for measuring the Mach number of the ion flow for the
magnetized probe are well developed [8]. These methods
give close values for the calibration parameter K, and the
values K are well defined both for ion flows along [7,13]
and across the magnetic field [14]. In this case, it should
be taken into account that a magnetic presheath [15] is
formed near the collecting surface. In this region, an electric
field normal to the surface is formed. With certain flow
parameters, a situation may arise when the flow bypasses
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the obstacle, and thus does not enter the collector. Thus, in
the paper [16] the criteria were defined according to which
it is determined whether the ion flow enters the surface of
the Mach probe or not.

For the case of measuring the flow Mach number, when
the probe is non-magnetized, there is no generally accepted
approach to determine the calibration coefficient, and the
discussion remains open [8]. Different theories offer their
own values for the calibration coefficient [10-12,17], and
some even use a formula for R(M) [8, which differs from
equation (1), 17]. As for the magnetic presheath, then for a
unmagnitized probe the conditions when the particle enter
the surface differ from the case of the magnetized probe.
This is due to the fact that the problem of determining the
particles dynamics in the vicinity of the collecting surface
of the probe cannot be solved within the framework of
the MHD approach and requires additional analysis, for
example, within the framework of the PIC method [11].

It is also necessary to separate the different orientations
of the flow with respect to the magnetic field. The
leading [8,12,18] theory describing measurements of the
ion flow co-directional with the magnetic field in the
unmagnitized mode of the probe remains Hutchinson’s
theory [11], based on PIC-simulation and confirmed by a
number of experiments [12,19,20].

Measurements of the ion flow velocity across the mag-
netic field are described by the theory of Hudis and
Lidsky [10]. According to this theory the calibration factor

is defined as
K=4/T/Te. (2)

Note that this theory can only be applied to a narrow slit
probe configuration (Directional Langmuir Probe) (DLP)
configuration only. In this case, the conditions for the ratio
of the temperature of ions and electrons T; < Te, as well as
for the ratio of the Debye radius and probe size 304p < I
must be satisfied. The formation of the magnetic presheath,
most likely, does not occur in such probe when measuring
the transverse flow. This is due to the fact that the electrons
do not enter the surface of the probe.

The main objective of this paper was to obtain the
radial profile of the azimuthal rotation of the plasma of the
reflex discharge with a thermionic cathode. According to
estimates, the plasma of such discharge is magnetized, and
the cyclotron radius of argon ions is several centimeters.
Therefore, it is advisable to use the probe in the unmagni-
tized mode.

1. Description of the experimental setup

The diagram of the LaPlaS experimental setup is illus-
trated in Fig. 1. The vacuum chamber is 2.3 m long and
has internal diameter of 86 cm. Two types of discharge can
be ignited in the setup — radio-frequency and reflex. The
first is ignited using an antenna wound around a dielectric
cylinder. This cylinder is pressed by two earthed diaphragm
flanges with an inner diameter of 500 mm. In the present
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Figure 1. Block diagram of LaPlaS setup.

paper, the radio-frequency discharge was not used. An axial
quasi-homogeneous magnetic field 1400 Gs is created by
four coils, through which a current 900 A flows.

Electrodes are located at the ends of the chamber. Each
of the electrodes occupies an area of 5cm along the radius.
Three internal electrodes are short-circuited at each end, and
voltage of —550V is applied to them (outer radius 15cm).
The fourth and fifth electrodes are under floating potential.
The reflex discharge is ignited between the end cathodes
and the cylindrical surface of the vacuum chamber, which
is the anode. The discharge current is about 10 A. The
radius of the plasma column is 25cm. In such discharge
a stationary radial electric field is formed, directed towards
the chamber axis. A heated thermionic cell made of LaBg is
installed on one of the ends. The limiting residual pressure
is in the range (5—8)-107>Torr. In the operating mode
argon is filled into the chamber, and inleakage of 3.5 SCCM
(Standard Cubic Centimeters per Minute) is maintained.
The neutral gas pressure in this case is 3 - 10~ Torr.

The plasma potential is measured by a emissive probe,
and the electron temperature and plasma density are
measured by a double probe. The emissive probe, the
double probe, and the Mach probe are introduced into
the chamber radially at axial distance z = 10 cm from the
central transverse plane (Fig. 1). The electron temperature
is 5—10¢V, the plasma density is about 10'! cm™—3, respec-
tively, the degree of ionization is about 0.01.

2. Description of probe measurement
system

The geometric dimensions of the Mach probe are shown
in Fig. 2. The base of the probe consists of a ceramic
(corundum) rod 15cm long and 7mm in diameter with
4 channels ~ 1mm in diameter. These channels contain
molybdenum wires 0.8 mm in diameter, which are collectors
of the Mach probe. In the side surface of the rod
4slots 1 mm wide and ~ 6 mm long are made, through
which the ion flow is captured. The slot is 2mm deep, so

Technical Physics, 2022, Vol. 67, No. 10



Velocity of plasma rotation in reflex discharge with themionic cathode

1329

Figure 2. DLP diagram of Mach probe.

the ion collection angle is about 25°. This allows this probe
configuration to be considered a DLP type. The channels
are not closed from the end, however, the collectors are
recessed to a depth of 5mm from the edge,and there is
no direct contact with the plasma. It is believed that the
radial flow of ions across the magnetic field, caused by
collisions with a neutral gas, is significantly less than the
azimuthal one, in addition, the end area of the collector
wire (~ 0.5mm?) is much smaller than the collecting area
of collector (~ 4.8 mm?), and therefore the radial flow does
not introduce significant measurement errors.

Because the hole sizes may be different, the collecting
areas on opposite sides of the probe may differ. Therefore,
to obtain correct data, it is necessary to average the
current values from opposite collectors. That is, first use
collector with effective area S; as ,upstream®, and S, —
as ,,downstream®. Then, the probe rotates around its axis
by 180°, and the collectors change places. Then already
collector with area S, is used as ,,upstream®. Let us justify
the correctness of this procedure. Let the effective areas of
collectors are S; and S,. Then the currents ratio can be
written as

ro b+l GwSitiwS  _ Jw _
I((i(())z)vn + I((ii)i(f)rz JaownS2 + jaownSt ] down '

This formula takes into account that equation (1), intro-
duced for collectors with the same area, refers primarily to
the ratio of the ion current densities ju, and jgown, not to
the currents themselves. You can also find the necessary
condition for the correctness of the obtained current values:

(180) 0 (0),(0)
Idown _ % _ |1(1p) _ IuP Idown _
| (0) S | (180) | (180)| (180)
down up up down

It follows that the product of currents from opposite

collectors before (Il(lg) and I((:lg)wn) and after rotation by 180°
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(If&,go) and Iﬁ:ﬁ) should be preserved. Thus, according

to the number n it is possible to cut off experimental
points, which obviously cannot be taken into account when
processing experiments. Such experimental points can
appear upon a significant change in the discharge mode
during the turn or when the probe insulator is dusted
with cathode material, which leads to an increase in the
ion collection area. If |1 —n| < 1, then the experimental
point can be included in the analysis. Another indicator,
that the measurements are incorrect, is a sharp drop in the
resistance between the probe channels, which occurs when
the dielectric surface of the probe is heavily dusted. Then
the estimation of the effective collection area is not possible.

To determine the voltage that must be applied to ensure
that the probe is in saturation mode, the current-voltage
characteristics (CVC) were obtained at various positions of
the probe inside the chamber (Fig. 3). It can be seen in
Fig. 3 that as the chamber axis is approached (decreasing
of the radial coordinate), the exponential part of the CVC
becomes wider both along the voltage axis and along the
current axis. This is due to increasing of the plasma
potential fluctuations. The minimum negative drift relative
to the floating plasma potential (about 300 V for the radial
coordinate r = 5cm), at which the probe is saturated over
the entire measurement range, is 100 V.

Fig. 4 shows the schematic diagram of Mach probe
measurements. The circuit consists of four identical parts,
each of which is designed to receive signal from its own
probe channel. Each channel is capable of switching
between two modes: saturation current measurement mode
and floating potential measurement mode. First, the floating
potential is measured, then 100V is subtracted from it
to switch the probe to ion saturation. The first mode is
the main one for the Mach probe, and it can be used
to determine the ion flow rate. In the second mode, the
floating potential in the measurement area is determined.

Uuv
500 400 300 200 100 0

| position: 8
«5cm

L +10cm
> 15 cm

r v20cm
«25cm

~ Radial 7 i

11.0

Figure 3. Ionic branches of CVC of Mach probe in various radial
coordinates.
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Plasma Circuit The temperature profile has two regions, in each of which
K oo NI9219 the electron temperature can be considered constant. In the

= ol __ér first region from 5 to 13 cm, the electron temperature is
phy Kr0 R @ Te ~ 9.5+ 1eV. This area is located opposite three short-

ply Lo 0 R [2) circuited end electrodes, to which the discharge voltage is

Ry, Wires KT 2 applied, their total radius is 15cm (Fig. 1). The second

Ryl —e—:_ R region from 15 to 23 cm, in which the electron temperature

<) Uplasma “lINo1ss || K4 MO @ is Ty ~ 6 £ 1eV, is located opposite the floating electrodes
= that are not interconnected. The main reason for this

J__- é‘) “ [R=30k0) difference in the electron temperature obviously relates to
1OMQ the fact that electrons emitted from the electrode surface

Voltage source are accelerated in the cathode layer. Since the electrons are

magnetized, longitudinal and transverse electron tempera-

I O tures arise in this region. The Mach probe measures the

Figure 4. Schematic diagram of Mach probe measurements.

After the K; switch in the current measurement mode
the signal goes to the resistance 30k€2. The main function
of this resistance is to protect the circuit from short
circuit. Without it, in case of unintentional earthing of
the probe channel, the voltage between the channels will
be hundreds of volts, which can lead to failure of the
measuring equipment. Then the current flows through
the NI9219 module (24 digits, 100 measurements per
second, relative measurement error 0.3%) [21], operating
in the current measurement mode on the internal shunt.
At room temperature the accuracy of these measurements
is 0.75uA, which is negligibly small compared to collector
current fluctuations.

3. Experimental results

In the course of the experimental study, the radial
dependence of the ratio of the ion saturation currents R on
the Mach probe was measured (Fig. 5,a). Here and below,
the coordinate for radial profiles is measured from the axis
of symmetry of the chamber. As can be seen from Fig. 5, a,
that Ln(R) is constant at the periphery, and decreases closer
to the center of the discharge.

The plasma potential was measured with a emissive probe
(Fig. 5,b). It can be seen in Fig. 5, b that the profile of the
plasma potential is quasi-linear. The corresponding electric
field strength is 14.5 V/cm. At the radial coordinate 6 cm,
the potential reaches a value of about —275V, and linear
extrapolation suggests a value of —365V on the discharge
axis. At the boundary of the plasma column (r = 25cm)
the plasma potential becomes zero.

According to formula (1), the desired ion flow velocity is

c
vy = KS LnR. (3)
To determine the speed of sound and the calibration co-
efficient, a radial electron temperature profile was obtained
using a double probe (Fig. 6,a).

azimuthal ion flow, which is directed across the magnetic
field, so to correctly determine the speed of sound in the
transverse direction, it is necessary to use the transverse
electron temperature. An upper estimate for the transverse
temperature can be the values obtained in the region
opposite the floating electrodes.

According to expression (3), at constant temperature
of electrons and ions, the ion rotation speed is directly
proportional to Ln(R). Then, as can be seen from Fig. 5,q,
at the periphery the rotation speed is almost constant, and
closer to the center of the discharge it begins to decrease.

The double probe also measured the radial plasma density
profile (Fig. 6,b). In the center of the vacuum chamber up
to 7cm along the radius, there is a certain concentration
gradient. Further, the gradient decreases, and in the region
from 7 to 20 cm the concentration reaches a plateau. Closer
to the edge of the plasma column the electron concentration
drops, and the concentration gradient arises again.

4. Drift velocity in centrally symmetric
field

In the planar case of homogeneous, crossed E x B fields,
not considering collisions and concentration gradient, the
drift velocity of the charged particle is equal to

Ud = B (4)

Let us calculate the drift velocity for the case of centrally

symmetric field in the presence of collisions and a pressure

gradient, and also find a parameter to assess the need

to take into account the centrifugal effect. For this, we

consider plasma in the hydrodynamic approximation. For
the stationary case, we have a system of equations:

(vi, V)vi = _% + w_

Vin(Vi — Vn) — Vie(Vi — Ve),

\Y e(E+vexB
(Vo. V)ve = — o 4 elbtvax)

Uen(Ve - Vn) — Vegij (Ve - Vi),

(Vn, V)Vn = —Unj (Vn - Vi) - Une(Vn - Ve),

Technical Physics, 2022, Vol. 67, No. 10
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where all ions, electrons and neutral atoms will be repre-
sented as liquids. Here v,, m, are the velocity vector and
the mass of the ath plasma component; p,, pa are pressure
and density of a-th fluid; e is elementary charge value; vgp is
collision frequency of component a with component b.

In this consideration, we will neglect the following
variables: viscous stresses (since at pressure of 0.3 mTorr the
free molecular mode is realized), the velocity of the neutral
liquid, the velocity of the directed motion of electrons (much
less than the thermal motion), the frequency of collisions
between charged particles (since plasma is weakly ionized).
By virtue of the latter assumption, the electron and ionic
liquids do not interact with each other, and therefore the
equations describing them can be solved independently.
Moreover, the equations have the same structure (up to
the sign in front of the electron charge), and therefore the
solution of the equation for ions is similar to the solution of
the equation for electrons. Neglecting ion-ion and electron-
electron collisions, we find that the concept of pressure is

—6" Technical Physics, 2022, Vol. 67, No. 10

already incorrect, since it implies interactions between fluid
particles. Therefore, the term with the pressure gradient was
also excluded from the equations.

Then, to consider stationary rotation in crossed E and B
fields, we can write the stationary Euler equation for an
ionic liquid:

(Vi,V)Vi :e(E—l-Vi X B)/m — VjnVi. (5)

The projections of equation (5) in cylindrical coordinates
look like this:

2
{Uir dC;Jrir _ Urﬂ = %(—E—i—vi(pB)—UinUir’ (6)

dvi ipVir
Vi gt — 22 — i VirB = vinvig.
Let us first consider the solution of the system in the
absence of collisions. Then the second equation takes the

form
) dvi(p Vigp e .
vlr(W_T—’—ﬁB =0. (7)
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It has the following solutions:

Vir = 07

Vj —ﬁr Ln(L)
lp — m rO s

(8)

where ry is the integration constant. Since the flat case is
limiting at r — oo for the centrally symmetric case (zero
curvature of the equipotential lines of the electric field),
the expression for the azimuthal velocity in the collisionless
mode must be reduced to expression (4). The second
solution from (8) is not such, and therefore the physically
correct solution of equation (7) is v, = 0. This is expected,
since the radial motion in the magnetized plasma is due to
particle collisions only. In view of this, the solution of the
first equation (6) has the traditional form

eBr 4Emy
vi¢_m<—1—|— 1+eB2r)‘ 9)

Now let us solve system (6) taking into account collisions
and the concentration gradient, assuming the first terms in
the left sides of the equations to be negligible compared to
the second ones. This assumption is valid, because, firstly,
when the solution is substituted back into the system, these
terms will turn out to be really small, and, secondly, in the
collisionless limit, it will be reduced to expression (9). For
short, let us denote vy as the drift velocity in crossed fields:

E
Vo = g (10)
Let us ensure dimensionless of the equations (6) as
follows:

vir’i(p r Vo eB QC

Uri, = s = —, e = -, Q = —, = —.

irip Vo 14 ro c Qe c X i
(11)

Here r; and €. are cyclotron radius and frequency
respectively, x is Hall parameter. Then we obtain

u.2

—1e — _ . Ui

P 1+ul(p x £ (12)
Uil ) Uie

0 " X

Let us express the radial velocity from the second
equation of the system (12):

_ 1 e (13)

If we substitute the expression (13) into the first equa-
tion (12), then we get a cubic equation with respect to Uj,:

3

Uy, ( 1 1)

22 Up(l+=+=)+1=0. 14
pr 7 X p (14)

We will assume that the rotation speed at an infinite
distance from the center is not infinite. Then, proceeding

from (14), at infinity the velocity has the form u;, = 1/Kq,
where Kg = 1+ 1/x> — drag factor, which is consistent
with the papers [22,23], in which this rotation speed was
obtained by neglecting the convective derivative in the left
side (5) compared to the terms in the right side.

Three solutions of equation (14) have the following form:

4
Uy = 3 P(1+pKa)

1 4 (14 pKq)? )
X COS {5 arctan<\/ﬁ % _ 1> + w}

where n =0, 1, 2. At infinity, only the solution for n =0
is finite, the other two tend to infinity. Returning to
dimensional variables, we write the solution for n =0 as
follows:

4 Qcr Qcr
ui(,):vo\/g U‘; (1+ Ui) Kq)

1 4 Qr ™
X COS {5 arctan<\/ﬁ (1+ ” Kg)3 — 1) + §] (16)

If we substitute the expression (15) with n= 0 into the
expression (13) and return to the dimensional variables
using (10) and (11), then we can make sure that the first
term on the left side of the first equation of the system (6)
is certainly much smaller than the second for any radial
coordinate. When evaluating similar terms in the second
equation, it turns out that the first term is less than the
second one by at least 5 times at a distance r > 2r. from
the discharge axis. Thus, the assumptions made earlier
turned out to be correct. Moreover, if Kq tends to unity (the
Hall parameter is infinite), then expression (16) reduces to
expression (9) for r > 0.5rc. For r < 0.5r¢, where the
hydrodynamic approximation, strictly speaking, does not
work, expression (16) tends to vi, = 2.

Let us expand the expression (16) into a Taylor polyno-
mial in 1/r with two terms

) . Uo(r) vo(r)2 1
U|(p(r) = Kd - chKé + O(r—z)

~ wo(r) 1
=K (1—p(r))+0<r—2),

where p=vo/(Q2rKgq). Then it appears that in regions
where |p(r)| < 1, one can ignore the convective derivative
in equation (5), and assume that the plasma rotation consists
of a drift in crossed fields, corrected for the drag factor

vo(r) - 1 E

Kei KgB’

When the parameter p(r) becomes noticeably larger
than 0.1, for a correct interpretation it is necessary to use
formula (16). Fig. 7 shows the radial dependences of

the parameter p for studies, in which the plasma rotation
velocity was also studied using a Mach probe.

Vip(r) =

Technical Physics, 2022, Vol. 67, No. 10
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Figure 8. Radial dependence of the velocity of the azimuthal ion
flow.

5. Discussion of results

It can be seen from Fig. 7 that when processing data
from the Mach probe in this study, the centrifugal effects
cannot be neglected. Fig. 8 shows the radial profile of the
azimuthal plasma rotation speed. Black dots correspond to
Mach probe measurements. The red straight line (in the
online version) corresponds to the rotation speed calculated
by formula (4), where the electric field was obtained
from the radial profile of the plasma potential (Fig. 6,a).
The blue color (in the online version) indicates the same
data, but taking into account the part of the convective
derivative in the equation (5) and calculated according to
the expression (16).

Experimental data from the Mach probe were processed
using the theory [10], ie. coefficient K was calculated by
formula (2). In this case, the ion temperature was chosen
such that the experimental curve was as close as possible to
the blue profile. The ion temperature was T; = 0.12 eV. This

Technical Physics, 2022, Vol. 67, No. 10

estimate of the ion temperature correlates with the values
of the ion temperatures in papers with similar experimental
conditions [25-27]. As a result, within the limits of error
the experimentally determined profile of the azimuthal
ion velocity coincides quite well with the profile obtained
according to expression (16) using the experimental profiles
of the plasma density and potential.

Conclusion

The analysis of the publications relating the topic of the
Mach probe shows that there is a problem in determining
the calibration coefficient in the unmagnitized probe mode.
The discussion on this topic has not yet been closed, and
the only work, which provides the theory most suitable for
measuring the flow perpendicular to the magnetic field,
is the work [10], according to which the interpretation of
experimental measurements was carried out.

To confirm the experimental results, a theoretical model
of plasma rotation with axial symmetry was developed.
Based on the model, a criterion was formulated according
to which it is possible to assess, in which cases centrifugal
effects can be neglected.

Experimental measurements of the azimuthal rotation
velocity of the reflex discharge plasma in the vacuum
chamber of LaPlaS-1 plasma mass separator were carried
out. The shape of the radial profile obtained using the Mach
probe turned out to be the same as in the profile that was
obtained using a theoretical model based on the plasma
potential data obtained by the emissive probe. The ion
temperature was T; = 0.12eV to ensure data coincidence
within the experimental error. Note that the condition
Te > Ti, which is necessary for the possibility of using the
theory, is satisfied, which indicates the correctness of the
results obtained.
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