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Abstract — Experimental results on plasma heating in the AMBAL-Yu device are presented. The phenomenon
of the substantial decrease in the jet-plasma-target density during high-energy hydrogen neutral-beam injection
is found. A model based on the effect of trapped hot ions on the jet plasma is proposed to explain this phenom-
enon. The experimental and simulation results are compared.

In previous experiments on plasma heating by neu-
tral beam injection at the AMBAL-Yu device [1], an
interesting and unexpected effect was observed: the
trapping of high-energy hydrogen atoms by the jet-
plasma target accompanied by the production of a hot-
ion population results in a substantial decrease in the
target plasma density.

1. EXPERIMENTAL LAYOUT

Figure 1 shows the experimental layout of the
AMBAL-Yu device. The magnetic adiabatic confine-
ment system AMBAL-Yu is a classical single-stage tan-
dem mirror system with a mirror ratio of 2 and mirror dis-
tance of 1 m. A pair of Yin-Yang coils (curve 3 in Fig. 1)
form a minimum B configuration of magnetic field with
quadrupole symmetry. In the midplane, the magnetic
field increases by 7% from the plasma center towards
the boundary (radius 10 cm) to provide MHD-stability
conditions. The magnetic field is 0.65 T in the center of
the device.

The hot-ion plasma was produced due to high-
energy neutral-beam trapping by the jet-plasma target.
This plasma jet was produced by the arc source with
a slot discharge channel (curve / in Fig 1) described
in [2]. The arc was located at the end of the mirror-device
upstream from the magnetic plug at a distance of 1.8 m
from the trap center. The plasma jet was injected along
the magnetic field lines. It was subsonic upstream and
supersonic downstream from the plug. The plasma-target
peak density was about 2.5 X 10** cm™ and the electron
and ion temperature was 10 eV. The beam of 17 keV
hydrogen atoms with a flow current (expressed in elec-
tric current units) up to 160 A was injected perpendicu-
larly to the axis, the injection time being 200 ps [3].
The target plasma (with average thickness in the injec-
tion region of order 10'* cm™?), presumably, was able to
trap 50% of the beam atoms. Ionization of the injected
atoms by the plasma electrons and ions, as well as

charge-exchange (when the plasma ion is only replaced
with the high-energy ion), produced a hot-ion popula-
tion with average energy of 6 keV and with density up
to 1.1 x 10'* cm~ in the plasma volume about 3 1 [4].
The energy confinement time of the hot ions, deter-
mined by their slowing down due to ion-electron colli-
sions, was =25 us. The confinement time of the plasma
ions, determined by the loss-cone scattering, was =70 Uis
(with allowance for slowing down due to ion-electron
collisions). During injection, the electron temperature
increased to 25 eV and the target plasma density
decreased by a factor of 2.5.

A variety of diagnostics was used to determine
the plasma parameters. The following is a representa-
tive list of diagnostics used in the measurements.
The plasma dimension, density, and potential, as well
as the electron and ion temperatures in different posi-
tions in the chamber, were determined from the volt-
ampere characteristics of Langmuir probes. We deter-
mined the plasma density per unit length by measuring
the losses of the diagnostic and heating neutral beams.
To measure the ion temperature, we used a cesium low-
energy atom analyzer [5] recording the charge-
exchange spectra of atoms from the center of the
device, and the magnetic and electrostatic multigrid
analyzers (curve 4 in Fig. 1) recording the energy spec-
trum of ions escaping from the device along the longi-
tudinal axis. We determined the electron temperature
by comparing the losses of the diagnostic high-energy
hydrogen, argon, and helium atom beams, and on the
basis of the measurements of hot-ion slowing-down
rate by means of the 5-channel electrostatic analyzer of
charge-exchange particle energy spectra.

2. EXPERIMENTAL RESULTS

The experiment shows that the neutral-beam injec-
tion results in the substantial decrease (by a factor of 2.5)
of the target plasma density. The time dependence of
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Fig. 1. Schematic of the AMBAL-Yu device: (I) gas-
discharge source with solenoid, (2) hydrogen atom-beam
injectors, (3) magnetic-field coils, (4) diagnostic analyzers
in the widener, and (5) diagnostic atom-beam injector.
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Fig. 2. Time dependences of plasma density at the device
center (/), injection current (2), and calculated plasma den-

sity (3).

the plasma density at the center of the device is shown
in Fig. 2.1 The jet dimensions change only slightly, if at
all. Between the injection region and the input plug (on
the plasma-source side), a shock wave propagating
upstream is observed. The analyzers (curve 4 in Fig. 1)
and bolometer, which are located at the plasma receiver,
detect a substantial increase in the ion energy (Fig. 3)
and heat flux. The ion-flux time behavior is as follows:
=30 us after the injection start-up, the ion flux sharply
increases: then it falls off to a level lower than the initial

!In Fig. 2. the numerical results are also shown. Below, we con-
sider this numerical model. Some experimental results are pre-
sented in the section where the dependences calculated numeri-
cally are compared with the measured ones.
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one and returns to the initial level in some time before
the end of the injection pulse. The floating potential of
the probes does not change.

At the same time, the jet-plasma parameters mea-
sured with the probe in the upstream region from the
input plug do not change noticeably during the injec-
tion. Plasma losses in the transverse direction do not
explain the drop-density effect either. The plasma
source operation (discharge voltage and current) do not
change. Plasma ion-cyclotron radiation does not grow.
Since the injected beams are symmetrical with respect
to the axis, the momentum transfer from the neutral
beams to the target plasma does not play an important
role, and even the artificially produced asymmetrical
injection does not result in qualitative effects (including
the hydrodynamic instability).

3. NUMERICAL MODEL

Consider a plasma stream within the framework of
magnetic hydrodynamics [6, 7].

A plasma component is characterized by the follow-
ing macroscopic parameters: density n, temperature 7,
and flow velocity u. The set of equations describing the
macroscopic parameters consists of the continuity equa-
tion and the momentum and energy transfer equations.

In the framework of single-fluid magnetic hydrody-
namics, neglecting viscosity, the analysis of the one-
dimensional, steady adiabatic ion flow moving along
the homogeneous axial-magnetic-field lines shows that
the external heating results in the acceleration of the
subsonic flow and, consequently, in the decrease of the
plasma density. For the theory and experiment to be in
agreement, a heating power of one hundred kilowatts 1s
necessary. However, the direct collisional energy trans-
fer from hot ions to plasma ions enables the heating
power to be less than ten kilowatts. Thus, this simpli-
fied model cannot explain the ion-heating mechanism.

Below, we will consider the plasma flow moving
along the inhomogeneous magnetic field lines within
the framework of two-fluid magnetic hydrodynamics.
We will seek a time-dependent solution for the plasma-
jet parameters on the axis, provided that the high-
energy ion population (with density ny,, average
energy E,., and average longitudinal pressure pioy)
appears in the local volume.

We assume that the fully ionized plasma contains
only protons and electrons.

We suppose that the ion flow velocity is equal to
electron flow velocity. Such an equality is experimen-
tally proven by measurement of the electron current at
the end-face surfaces of the plasma receiver [8].

A substantial target-plasma density drop takes place
when the hot-ion density is only about 1% of the jet-
plasma density. Hence, we assume plasma quasineu-
trality approximation n, = n; everywhere in the plasma
volume including in the hot-ion region. As estimates
show, this assumption does not noticeably change the
No. 9
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calculated jet-plasma parameters. Below, n (without
index) will represent both the jet-electron and ion den-
sities.

We assume dB/dt = 0, neglecting the magnetic field
variation which appears due to the presence of plasma.
The decrease in the magnetic field value does not
exceed 2% with respect to the vacuum’s magnetic field
because of the small value of B for both the jet-plasma
and hot-ion components. Henceforth, we set B equal to
the value of the vacuum field produced by the coils and
plasma-source solenoid. :

We use a coordinate system with the z-axis aligned
with the magnetic field lines. We write the velocity vec-
tor as u = uB/B, so that u is directed along the z-axis.

We neglect the electron inertia. For the strong mag-
netic field (@t > 1, where ® and 7 are the cyclotron fre-
quency and collisional time, respectively), we retain
a single component T, of the viscosity stress tensor
components T, neglecting the terms of order (1)
and (1)

The plasma source is located at a boundary. There
are no internal sources producing electrons and ions
inside the plasma volume.

The set of equations including the continuity,
motion, and heat flux equations can be written in the
following form:

%Haa%(%‘) = 0, ey
Mn (g + Sy =-%§—Eﬁf, @
2 M2 2p)
3
+B§E {é((%u2+gpi+nizz)u—xf|%§)} = Q: )
%(%p,)wgz-{g(%p,u—x;%)} =0,

Here, M and m are the proton and electron mass,
respectively.

Pressure is p = p; + p., where p;=nT; and p, = n,T..

The viscosity stress tensor component is written as

T, =-NoW., mo=096nT7,
ou 2 J u
Wa=2%-3"='®"

where 1, is the ion collisional time.
Heat fluxes are expressed by the following formu-
las:

q; = —xﬁV" T,and g, = —X[TVH ’
where % is the thermal conductivity [6].
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Fig. 3. Dependence of the end-face electrostatic analyzer
current on the retarding voltage: (I) before the neutral-
beam injection, (2) during injection, and (3) calculation for

Rhor =4 X 1012 em™.

On the right-hand side of the energy-transfer equa-
tions (3) and (4), the O-terms denote the heat sources:

0= 0,+ ot Lrr
~ Here, Q,; is the heat source due to electron—ion col-
lisions:
3mn
=7 A" (T = Tr) s
Mz, ©
where T, is electron collisional time.

Qpz is the heat source due to the work done by the
electron pressure force:

Q. =-0; =
ei ei —

i e ape’
Orr = —QFr = ‘”a—z-

The electron and ion heat sources due to collisions
with hot ions are

Qe — Eho‘ Qi _ Ehol:
hot = Mhot =, > hot = Phot >
TE TE

where T and 1}, are the times of the collisional energy

transfer between the hot ions and the jet electrons and
ions, respectively. In our case, this time can be repre-
sented in a sufficiently simple form [9]. When mE;, <

MT,, ¢ is expressed as the ion slowing-down time due
to collisions with electrons: T5 = Tg(Epe) = Tz When
E,o > T;, Ti is determined by the ion—ion collisional
time: T¢ = 0.51}.

This set of equations needs an additional explanation.

We neglect the change of both the electrons and ion
momentum due to collisions with the hot ions because
of the high value of hot-ion longitudinal pressure (the
averaged longitudinal temperature Tp,y ~ 500 eV).
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Fig. 4. Magnetic-field (1) and hot-ion density (2) distribu-
tions along the z-axis used in calculations.

If we define the change of the particle momentum Py
during decay time T’ as dpy /dt =—Mu/ T} [9], then for
the typical parameters of the problem, we obtain an
estimate T, ~ T, ~ 10 ms. Since the plasma jet flows
through the hot-1on region during 10 us, the proton and
electron momentums change due to the electron—ion
collisions.

We write the energy transfer equation in the general
form [6]: '

a an

) 1 Mn 2
FrAS 3

3 5
+§p)+Ba—Z{—§(( 5 +§P)"

+nBzuB+q) } =nFu+Ru+0,

where the first and second terms on the right-hand side
of the equation account for the work done, respectively,
by the “smoothed” macroscopic electrical force Fo =
e, E and the fast-fluctuating collisional microforces
arising at short distances between particles; and the
third term accounts for the heating of the particles of
a given kind due to collisions with other particles.

As follows from the electron motion equation
[6, p. 191], the macroscopic and collisional forces are
in equilibrium with the electron-pressure gradient.
Then, the heating of the electron and ion components
due to the work done by these forces is expressed as Oz
(see the above formula).

The initial conditions describe the plasma-jet flow
in the absence of the hot ions.

In the case of steady plasma flux emerging from the
plasma source with fixed electron and ion tempera-
tures, we write the boundary conditions near the plasma
source as follows: T, = const, T; = const, nu = const, and
on/dz =0. ,

The other boundary is in the widener. Here, the flow
is supersonic and the particle mean-free-path is suffi-
ciently large. Here, the hydrodynamics approach is
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applicable. A material wall is far from this boundary.
Allowing for heat to transfer freely through this “yir-
tual” boundary, we define the following boundary con-
ditions: 92T, /0z* = 0, 3°T,/9z* = 0, and d*u/dz* = 0.

The purpose of our study is to examine the changes
in the plasma flow parameters produced by the hot-ion
population.

The set of partial differential equations to be solved
contains a first-order equation of the hyperbolic type
(the continuity equation) and three second-order equa-
tions of the parabolic type. As an approximation, a numer-
ical method is used to solve the set of partial differential
equations, i.e., the grid method.

We approximate the spatial derivatives in the second-
order equations with the three-point difference formula
of second-order accuracy. In the continuity equation, we
use the two-point difference formula of first-order accu-
racy. We use the uniform grid with 320 points and step
Az = 1 cm. For the time derivative Az, we use a simple
formula of first-order accuracy.

As a result, we obtain an explicit system of differ-
ence schemes that are solvable. The stability analysis of
the difference schemes [10 - 13] shows that all differ-
ence schemes are stable when the appropriate steps Az
and At are chosen. The difference schemes are absolute
approximations for differential equations. The approx-
imability and stability of the difference scheme is
a necessary and sufficient condition for the difference
solution to converge to a precise solution of the differ-
ential equations at Az, Az —= 0.

We solve a mixed (space-time) problem. We seek
a solution of the given set of equations in the rectangle
(1<z<320cm, 0 <1< 100 ps) that satisfies the initial
and boundary conditions.

The left boundary (z = 1) is the exit section of the
gas discharge source. The right boundary (z = 320) is
in the low magnetic-field region of the widener.
The boundary conditions are given by the following
relations for the left boundary: T/(1, 1) = T.(1, 0),
7.1, ) = T,(1, 0), n(1, ) = n(2, 1), and n(1, Nu(l, 1) =
n(1, 0)u(1, 0). For the right boundary, we write
T.(320, 1) = 2T;(319, 1) - T;(318, #) and analogous rela-
tions.

We use the steady-state solution of the Cauchy prob-
lem for the above set of differential equations with
eliminated terms describing the hot ions as the initial
condition for the mixed problem. To define this initial
condition, the functions n(z), u(z), T,(z), and T;(z) are to
be found, providing the following left-boundary condi-
tions: T,(1) = 10eV, T(1) = 10eV, n(1) = 2 % 10" cm™3,
and u(1) = 0.61 x 108 cmy/s. The first three parameters
are typical jet-plasma parameters measured in the
experiment. We fitted the boundary flow-velocity value
so that the flow velocity was close to the ion acoustic
speed in the magnetic plug regions. It is necessary to
provide the transition from subsonic to supersonic flow
in the exit plug region, as it occurs in the experiment.
No.9 1995
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Fig. 6. Dependence of the plasma density at the trap center .
on the hot-ion energy density (dark spots — experiment,
bright spots — calculation).
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Fig. 7. (a) Plasma potential distribution at 7 = 0 us (1) and
£ =100 s (2). (b) The variations of the probe floating poten-
tial due to hot ions: (/) calculation and (2) experiment.

Rognlien and Brengle [14] pointed out the possibility
of a similar regime when a plasma flows through two
identical magnetic plugs. We simplified the set of equa-
tions for the steady-state problem to an explicit form
and solved it in two intervals. We seek a solution of the
Cauchy problem, which satisfies the following condi-

tions: the plasma flow is subsonic in the interval (1; 220);
it is close to sonic in the plugs; and it is supersonic in
the interval (220; 320). The point z = 220 corresponds
to the exit plug position. At this point, the solutions for
the second interval were set to equal those for the first
interval. The exception was for the flow velocity at the
second interval which at z = 220 was chosen to be equal
to the acoustic speed that was somewhat higher than the
flow velocity given by the solution for the first interval
at this point. Then, the obtained solutions were applied
as the initial solution for the time-dependent problem
(with the hot-ion terms still excluded). Finally, the con-
vergent solution of the time-dependent problem was
used as the initial condition for the problem under con-
sideration.

The choice of the model, difference scheme, and
problem specification is discussed in detail in [15].

4. NUMERICAL RESULTS AND COMPARISON
WITH EXPERIMENT

Figure 4 shows the magnetic field and the hot-ion
density distribution along the z-axis that were used in
the calculations. We assumed the hot-ion density to
grow linearly during 10 ps up to 2 x 10" cm™ and then
to be constant in time. Note that the numerical results
for the hot-ion densities of 1 x 10'2 and 4 x 10'? cm™
do not differ qualitatively; that is why they are presented
only in Figs. 3 and 6 with special comments. The hot-ion
energy was E; =5 keV.

Figure 5 shows the solution of the time-dependent
problem.

The hydrodynamic approximation is applicable in
our study because the particle mean-free-path is less than
the local scale length of the magnetic-field variation

defined as ‘ B ‘ and the collisional time is greater
dB/dz

than the time scale of the plasma parameter variations.

Note that we carried out calculations with the mod-
ified conditions at the right boundary in the widener as
well: 97T, /0z = 0, 9T;/9dz = 0, and du/dz = 0. Such con-
ditions mean that both thermal-conductivity heat flux
through the boundary and viscosity stress tensor vanish
at the boundary. This results only in the noticeable
change of the plasma parameters near this boundary
(T., T.,and u increase while n decreases). With different
boundary conditions, the solutions differ within 0.4%
in the interval (1; 220). Presumably, the right-boundary
conditions only slightly affect the solution because near
this boundary the flow is supersonic, the heat flux due
to the thermal conductivity is relatively small, and the
viscosity has practically no effect.

Figures 2, 3, 6, and 7 show the experimental depen-
dences compared with those calculated: the plasma
density at the center of the device as a function of time
and the hot-ion energy density, the end-face electro-
static energy analyzer current as a function of the
retarding voltage, and the plasma potential profiles.

PLASMA PHYSICS REPORTS  Vol. 21  No. 9 1995
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Fig. 8. The calculated isometrical profiles (on the left) of the plasma pressure (coordinates are the same as in Fig. 5) and the pressure
profiles at different times (on the right) [(Z) O s, (2) 10 ps, (3) 20 us, and (4) 100 ps].

The calculation results agree well with the probe and
bolometer measurement data. In the transport region
(z = 80 cm), the probe indicates no noticeable change
in the plasma density and electron temperature.
The bolometer current increases by a factor of 4 during
injection, the bolometer being located next to the end-
face electrostatic energy analyzer in the widener. As for
the plasma density distribution along the z-axis, we
observed a shock wave moving from the injection
region toward the source (Fig. 5).

This comparison shows that the simulation results
agree well with the experimental results.

5. DISCUSSION

During the neutral-beam injection into the tandem
mirror filled in advance with the jet-target plasma, the
hot-ion population appears after a short time (of the
order 20 ps). The hot ions, colliding with electrons
cause a fast heating of the electrons. The plasma pres-
sure substantially increases in the local region (Fig. 8).
The plasma flow slows down and the plasma density
grows in the upstream region. Because of the electron
heating due to the high electron thermal conductivity
and ion heating due to electron—ion collisions, the high-
pressure region extends toward the source. This process
is associated with the shock wave. In the steady state,
the plasma pressure grows in the entire transport region
(from the source to the input plug). When the plasma
flows down from the hot-ion region, the density
decreases due to both the initial decrease in the plasma
flux itself and the flow acceleration due to the increased
pressure gradient. Although the plasma temperature
increases here, the pressure increases to a smaller
degree. In the steady-state regime, the plasma flux is
restored to its initial value. However, the plasma flow
accelerates due to the increased pressure gradient and,
consequently, the target-plasma density decreases.
No. 9 1995
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In summary, we find that the target-plasma density
decrease is due to the following effects of the hot ions
on the plasma flow: (1) the plasma flux decrease at the
initial stage because of plasma slowing-down upstream
from the injection region and (2) the flow velocity
increase at the steady state.

The steady-state energy balance was calculated.

The main part of the hot-ion pcnwc:r2 (of the order 230 kW)
transfers to electrons and only about 3 kW transfers to
ions. Because of the high electron thermal conductivity,
the input energy is carried away in equal shares
upstream and downstream from the hot-ion region.
In the upstream region, this power is spent on electron
and ion heating due to electron-ion collisions and
through the work done by the thermal electromotive
force; about 30 kW of power is lost through the end-
face. In the downstream region, the power is spent on
ion acceleration by the electric field. Ion heating due to
the work done by the forces (electrical field and, par-
tially, thermoforce) Qf; = 160 kW plays an important
role in the energy transport processes as well as in elec-
tron heating by hot ions and in electron thermal conduc-
tivity. The typical values of the other power terms are as

follows: Q... = %ngwgz =30 kW and 0, ~ 16 kW. Fig-

ure 9 shows the energy flux. The input power is lost
mainly through the macroscopic flux of the ion kinetic
energy. The ions are accelerated by the electric field
which is regenerated by the power supply due to the
electron thermal conductivity. In our experiments, the
energy loss through the left boundary does not play an
important role in the hot-ion accumulation process.
This explains the failure to increase the hot-ion density
by decreasing thermal conductivity. Neither the change

2 Below, the energy flux values are averaged over the entire volume

of the plasma jet, the midplane area being 70 cm?. This generali-
zation is valid because of the small viscosity effect.
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Fig. 9. Total energy flux distribution along the z-axis at r =
100 ps (/) and the flux component distributions: kinetic
energy flux (2), internal energy and work done by pressure
(in one curve) (3), electron (4), and ion (5) heat flux. The heat
flux due to viscosity is not shown, because of its low value.

in the current direction in the plasma-source solenoid
(which causes a cusp geometry of magnetic filed lines)
nor the fast termination of the source discharge resulted
in a hot-ion density increase.

6. CONCLUSION

An interesting and unexpected phenomenon was
observed and studied in the AMBAL-Yu device: the
high-energy hydrogen atom beam injection into the
device results in a substantial decrease of the jet-
plasma-target density.

We considered the hot-ion population effect on the
plasma jet flowing along the inhomogeneous magnetic
field lines within the framework of two-fluid magnetic
hydrodynamics. We solved the time-dependent prob-
lem by using numerical methods. We compared the
numerical results with the experiment. They are in
acceptable agreement.

Based on the numerical results, we explained the
main features of the phenomenon involved.
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