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Abstract— Fluctuations of the azimuthal and radial magnetic field in the startup plasma of the end system of
the AMBAL-M tandem mirror system are measured by magnetic probes. An analysis of the spectra and radial
profiles of the magnetic-field and density Hluctuations shows that there is a correlation between these quantities.
which can be explained in terms of the Kelvin—Helmbholtz instability in a plasma stream flowing out of the gas-
discharge source. The characteristic parameters of the stream inhomogeneities are estimated. The radial profile
of the particle flux is determined from simultaneous measurements of the plasma density and radial magnetic
field. The diffusion coefficient related to magnetic-field fluctuations is estimated.

. INTRODUCTION

In experiments carried out in the first stage of the
AMBAL-M tandem mirror system, a substantial (to
1.6 KA) longitudinal electron current flowing in the
startup plasma and the plasma transport across the
magnetic field with a diffusion coefficient larger than
the classical ambipolar diffusion coefficient by two
orders of magnitude were observed. In order to study
the properties of the longitudinal current and the mag-
netic-field fluctuations and to determine the contribu-
tion from the latter to the plasma transport, we per-
formed measurements with the help of movable mag-
netic probes.

The device was described in detail in [1, 2]. By
using a gas-discharge plasma source, a hot target
plasma is produced in an axisymmetric end mirror
device (end cell) with magnetic field of 7.5 kG in the
central plane. The plasma radius is 10 cm, the density
isup to 6x 10> cm™, the ion temperature is 7;= 200 eV,
and electron temperature is 7, = 50 eV. The main exper-
imental results are presented in [3].

The longitudinal electron current flowing along the
plasma stream during the discharge in the plasma
source was studied experimentally in [4]. Here, we
study magnetic-field fluctuations and related plasma
transport in the startup plasma of the AMBAL-M
device by using movable magnetic probes.

Interest in magnetic-field fluctuations is motivated
by theoretical studies in which it has been shown that
these fluctuations can substantially enhance heat and
particle transport across the magnetic field due to the
particle drift along the magnetic surfaces perturbed by
fluctuations. A large number of papers devoted to direct
measurements of the magnetic-field fluctuations and to
studies of their spectral and mode composition have

been published (see, e.g., [5-7]). One of the first exper-
iments on the contact measurements of magnetic-field
fluctuations in a tokamak plasma by small. multiturn
coils placed inside an insulating shell was described
in [5]. At present, direct measurements of heat and par-
ticle fluxes by determining the correlation between
such plasma parameters as the density, electric and
magnetic fields, and so on are being carried out (see [8-
10]).

In this paper, simultaneous measurements of both
the plasma density by a Langmuir probe and the radial
magnetic field by a magnetic probe are carried out;
based on these measurements, the radial profile of the
particle flux is derived. The diffusion coefficient related
to magnetic-field fluctuations is estimated to be D, <

0.3 x 10* cm?/s, which is at least an order of magnitude
less than the total diffusion coefficient observed in the
experiment. Therefore, a conclusion is made on the
dominant role of electrostatic fluctuations in the plasma
transport across the magnetic field.

An analysis of the spectra and radial profiles of
magnetic-field and density fluctuations shows that there
is a correlation between these quantities in the plasma
stream, which can be explained in terms of the Kelvin—
Helmbholtz instability (KHI). The characteristic param-
eters of plasma inhomogeneities are estimated.

2. SCHEMATIC OF MAGNETIC-PROBE
MEASUREMENTS

The schematic of an axisymmetric end mirror
device, which is the first stage (end cell) of the
AMBAL-M device, is presented in Fig. 1, in which the
magnetic field lines emerging from the plasma source
are also shown. A plasma with a characteristic temper-
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ature of ~10 eV and density n =2 x 10 cm™ flows out
of the source with a flow velocity on the order of ther-
mal velocity and propagates along the magnetic field
lines.

The magnetic field components are measured by
magnetic probes. which are small. multiturn coils
placed inside an insulating shell made from boron
nitride. The probes are mounted on movable insulated
rods, which are inserted into the plasma with the help
of a coordinate unit.

3. PARTICLE FLUX ACROSS THE MAGNETIC
FIELD

It is known that plasma instabilities can substan-
tially enhance heat and particle transport across the
magnetic field. The onset of instability results in the
motion of particles across the magnetic field: the dis-
placement of a particle along the plasma density gradi-
ent can be much higher than the Larmor radius. Collec-
tive oscillations of plasma particles result in the plasma
transport along the macroscopic gradient. This effect
has been observed in experiments carried out in the end
system of the AMBAL-M device. in which the plasma
is produced by an annular gas-discharge source. Due to
the onset of the electrostatic KHI. the coefficient of the
plasma diffusion across the magnetic field reaches
D, ~10° cm¥s [11]. Nevertheless, the role of the
observed magnetic-field fluctuations in the transport
processes in the AMBAL-M device remains unclear.
Therefore, we have performed the local measurements
of the particle flux by magnetic and Langmuir probes.

Let us consider the radial particle flux T', = nv,,
where 1 and v, are the plasma density and radial veloc-
ity. respectively. In a turbulent plasma, each quantity
can be written as a sum of time-averaged and fluctuat-
ing parts, n=(n) + n. where (...) means averaging over
a time interval larger than the characteristic fluctuation
period, so (n) = 0, and (n) is the average density.
The total time-averaged particle flux can be written as
T ={{n) + n)(v,) + v,)) = (nXv,) + {n v,). There-
fore, the turbulent flux depends on the correlation
between the density and radial-velocity fluctuations,

turb
r

R

The particle velocity includes the velocity of the
free motion along the magnetic field and the velocity of
the drift in the crossed fields

ExB
V=u0"+C it

where uy is the velocity of the guiding center of a par-
ticle along the magnetic field direction. Note that we
neglect both the drift related to the curvature of the
magnetic field lines and the gradient drift, because
these are-relatively small; we also assume that the
paraxial approximation is valid and the magnetic field
No, 12 1998
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Fig. 1. Schematic of the end system of the AMBAL-M
device and the magnetic field line emerging from the plasma
source: (/) coils of the end cell. (2) solenoid of the plasma
source, (3) semicusp coil, (4) plasma source, and (5) plasma
collector. Arrows mark the cross sections in which the mag-
netic probe measurements are performed.

of the longitudinal current is low compared to the vac-
uum magnetic field: By,, By, < B,.. From here on, we
use cylindrical coordinates with the z-axis directed
along the device axis. Under the conditions of our
experiment, all components of the electric field except
the azimuthal component can be neglected. Then, for
the fluctuating component of the radial velocity we
have

" = (av,) =

Electrostatic transport is associated with the second
term on the right-hand side of (1), whereas the first term
corresponds to the magnetic transport. In the case of
ambipolar diffusion, the transport is characterized by
the ion velocity ug, in (1). It is seen from (1) that the
transport depends not only on the fluctuation ampli-
tude, but also on the correlation between different fluc-
tuating quantities.

To clearly understand the mechanism for magnetic
transport, let us consider the free particle motion along
the magnetic field, on which transverse perturbations
are superimposed. Because of these perturbations, a

particle acquires the velocity component v, ( B) =

v B-/B; as a result, the fast particle motion along the
magnetic field is partially transformed into radial
motion. Due to the overlapping of adjacent magnetic
surfaces, the particle can go to another field line, which
results in transport across the magnetic field.

If the correlation between fluctuating quantities is
complete, then from (1) we can obtain the upper esti-
mates for the particle fluxes. Denoting the particle
fluxes related to fluctuations of electrostatic and mag-
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Fig. 2. Typical time dependences of 1a) the probe current and (b) the radial magnetic field atz =-243 cmand r = 16 cm (n [em™] =
% 1019,

netic fields as 'z and T, respectively, we obtain I'p ~
chEy/Band Ty~ uU”ﬁB,- /B. The ratio of these fluxes is

Ty _ ‘oﬂéf
I'e c¢E,

The electrostatic-field fluctuations can be estimated as
E, ~mo/a, where m is the azimuthal mode number, a

is the plasma radius, and ¢ is the amplitude of the fluc-
tuation potential. Substituting in (2) the experimentally
measured values of the plasma parameters in the cross
section z = —243 cm of the transport region (the region
extended from the plasma source to the input mirror of
theend cell): m~ 1-5,a~20cm. 6 ~50V, B, ~2kG,
B ~ | kG, uy ~ 3 x 10° cm/s. we obtain ['z/Tz ~
0.04/m <€ 1; i.e.. in this cross section, the particle flux
related to magnetic-field fluctuations is much less than
that related to electrostatic fluctuations. From the
expression for I'; we can also obtain the upper estimate
of the diffusion coefficient D_ ~ |[g/(dn/dr)| ~

cf:"lp Ar/B ~ cm® Arf(aB) ~ 2 % 105 cm?/s. This value is
overestimated, because we assume the correlation

between 7 and E, to be total.

Electrostatic transport was studied in detail in [12],
and, in this paper, we consider magnetic transport. It
follows from the above considerations that, in order to
experimentally determine the turbulent particle flux, it
is necessary to simultaneously measure the density
fluctuations and radial magnetic field at the same point
and to average their product over time. In our experi-
ment, the plasma density was measured by a Langmuir
probe operating in the ion-current saturation regime,
and the radial magnetic field was measured by a mag-
netic probe that was located close to the Langmuir
probe. Figure 2 shows the time dependences of the

Langmuir-probe current and the radial magnetic field.
The bias voltage U, = -70 V was applied to the probe
to prevent electrons from arriving at the probe. It is seen
that the probe current suffers substantial (up to 100%)
fluctuations with respect to its average value. Assuming
that the probe ion current is proportional to the plasma
density, we will take the properly normalized current as
the plasma density.

The oscillograms of the plasma density and the
radial magnetic field are presented in Fig. 3 for the time
interval from 900 to 1900 us. It is seen on such an
extended scale that, beginning from approximately
1000 ps, the low-frequency (v ~ 10 kHz) oscillations of
the plasma density and the magnetic field appear simul-
taneously. Both the amplitude of these oscillations and
the intervals between neighboring maximums increase
with time. This pattern breaks at r = 1700 us, when the
plasma source is switched off.

An analysis of the fluctuation spectra of the plasma
density and magnetic field shows that the highest power
falls within the frequency range v < 100 kHz; the indi-
vidual maximums corresponding to KHI are seen in the
spectra presented in Fig. 4. It is also seen that the peaks
in the spectra of plasma density and magnetic field
occur at the same frequencies; this is evidence for the
correlation between the measured quantities.

The value of {(n(z)B,(t)) can be found by direct
averaging over the given time interval; however, it 1s
more convenient to go over to the Fourier transforms.

If n(w = B, (®)

|i§r(m)|exp(ieﬂ(w)) are the Fourier transforms of the

Il

|1 (w)|exp(iB,(w)) and
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Fig. 5. The cross spectrum C(w) of density and radial magnetic field fluctuations and the phase difference between them atz =

and r=16 cm.

initial signals, then we have
(A(1)B.(1)) = ja*(m)é,(m)dw

—cm

- 3)
= ZJ-{C((D)I cosB(w)dw,

0

where C(®) = 7% (©) B, (®), B(®) = B4(®) — 0,(w) is the
phase shift between oscillations of the magnetic field
and plasma density. Such a representation allows us to

determine what frequencies contribute most to the par-

b
ticle transport. For the particle flux, we obtain igog

5 “T (w)dw, where ['(®) = 2uy|C(w)|cos B(w)/B. Fig-
ure 5 presents the functions |C()| and 6(®) for the
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cross section z = —243 cm at the radius r = 16 cm. The
flux I'(w) calculated from these functions is shown in
Fig. 6. It is clearly seen that the particle flux is produced
by oscillations in a narrow frequency range near 10
kHz, whereas, outside this range, either the function
|C(w)| is small or the phase shift is such that these oscil-
lations do not contribute to the flux. Such a pattern is
observed for all radii at the given cross section, whereas
the characteristic peak at a frequency of 10 kHz varies
in amplitude and changes its sign when the probe is dis-
placed along the radius. Note that, just before the onset
of low-frequency oscillations shown in Fig. 3, the cal-
culated flux is an order of magnitude less.

The radial profile of the total particle flux averaged
over a series of measurements is presented in Fig. 7.
This figure also shows the profiles of the plasma den-
sity and the longitudinal-current density, as well as the
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Fig. 8. Radial profile of the diffusion coefficient related to
magnetic-field fluctuations at z = =243 cm.

projection of the discharge channel of the plasma-
source on the magnetic field lines.

Figure 8 presents the diffusion coefficient related to
magnetic-field fluctuations determined by the formula

AKHMETOV et al.

D,y ~ =T/(dn/dr) with the use of the experimentally
obtained profiles of the plasma density and the particle
flux. At the given cross section, the maximum value of
the diffusion coefficient related to magnetic-field fluc-
tuations is D, = 0.3 x 10* cm?/s, which agrees with the
above estimates and is at least an order of magnitude
less than the diffusion coefficient related to electrostatic
fluctuations.

4. MAGNETIC-FIELD FLUCTUATIONS
AND SPATTIAL MODULATION
OF PLASMA DENSITY

Let us consider now some properties of fluctuations
of the azimuthal magnetic field. First, we analyze the
frequency spectra of the signals. During the working
pulse, the parameters of the plasma-source discharge
vary, the plasma is gradually accumulated in the device,
and the plasma density and other plasma parameters
also vary. Therefore, in fact, the time interval necessary
to perform an accurate spectral analysis (i.e., a suffi-
ciently long time interval over which the plasma is in a
steady state) is absent. As a consequence, we have to
restrict ourselves to considering a relatively narrow
time interval 7 < 250 us: this leads to poor spectral res-
olution Av ~ 1/7. Under the conditions of our experi-
ments. this resolution is 4 kHz. Figure 9 shows the
spectra of fluctuations of the azimuthal magnetic field
in the transport region. which were obtained by the
Fourier transform of the signals measured experimen-
tally in two different cross sections. Both spectra show
narrow peaks in the low-frequency region, which are
most pronounced at z = —168 cm. These peaks, which
substantially exceed the background level, are probably
associated with the KHI. Although the spectra are plot-
ted on the same scale, it is difficult to compare their
amplitudes, because the plasma density decreases by
two orders of magnitude over the distance from the
source to the input mirror, whereas the electron flow
velocity, in contrast, increases. Since the generated
magnetic field depends on the combination of these
parameters, the absolute calibration of the spectra can
hardly be performed. Nevertheless, we can conclude
that the spectra contain pronounced low-frequency
peaks and the spectral density decreases rather rapidly
with frequency.

Spectral analysis gives information about the distri-
bution of the fluctuation energy over frequency. How-
ever, it is convenient to introduce one more characteris-
tic of the fluctuating field in which oscillations with
various frequencies are present, namely, the root-mean-
square value of this field over the time interval T:

T . 112
(B) s[%jé‘(r)m] .
0

In this case, the time-independent component and the
component linearly dependent on time are subtracted
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Fig. 10. Radial profiles of the root-mean-square fluctuations of the (a) azimuthal and (b) radial components of the magnetic field.

Dashed line shows the current density profile in relative units.

from the initial signal before averaging. Figure 10 pre-
sents the radial profiles of the root-mean-square mag-
netic field fluctuations averaged over the time interval
T =250 us in the vicinity of the instant 1400 ps. In this
figure, the current density profiles (in relative units) are
also shown for comparison. It is seen in Fig. 10 that the
magnetic-field fluctuations in the cross section z
—243 cm are rather large even near the axis, where the
current density is equal to zero.

There are various mechanisms for the generation of
the radial magnetic field measured by a magnetic
probe. First, while the plasma is filling the device, the
magnetic field varies compared to the vacuum one. This
effect can be broken into two ones: the variations in the
absolute value of the field and the change in its direc-
tion, i.e., in the shape of the field lines. If we know the
pressure distribution in the system. then from the con-
dition of the transverse plasma equilibrium under the
Vol. 24 1998
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paraxial approximation B (r. z) + 8mp (r. 2) = B, (2)
(where B (z) is the vacuum field at the axis of the sys-
tem) we can calculate both the distribution of the mag-
netic field and the corresponding shape of the field
lines. The correction to the radial magnetic field, which
corresponds to the change in the inclination of the field
lines, is 0B,, ~ B,.da. (here, o is the inclination angle of
the field line and & stands for the perturbation of a quan-
tity due to the plasma occurrence), whereas the correc-
tion related to the change in the absolute value of the
field is 8B,, ~ 8B .o ~—0odnp /B, . Both of these cor-
rections are proportional to the radius; i.e., they vanish
on the axis of the device. In our case, the analysis of
equilibrium shows that the change in the inclination of
the field lines is more important factor and the calcu-
lated correction to the magnetic field corresponds to the
experimentally measured radial magnetic field both in
value and in sign.
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Second, the radial magnetic field is produced due to
the azimuthal asymmetry of the longitudinal current.
This asymmetry can occur, for example, as a result of
the azimuthal modulation of the density of electrons
carrying the current (j, = njer,.. the index | stands for
the perturbation of the corresponding quantity). In the
previous section, it was shown that the plasma density
and the radial magnetic field have similar spectra with
peaks at the same frequencies and correlate with each
other. Let us consider the azimuthally nonuniform per-
turbation of the current density j,(r, @) = j,(r)cos(mp —
1), where m is the number of the azimuthal harmonic
and the function j,(r) describes the radial profile of the
perturbed current density. From j,(r, @) we find the
dependences B, (r, )and B, (r. ¢). The magnetic field
on the axis is determined only by the mode m = 1: this
allows us to estimate the current density perturbation
corresponding to this mode. For the sake of simplicity,
we consider a stepwise radial profile of the current den-
sity, so the function j () is constant and nonzero only
within the ring r, < r < r,. Simple calculations show
that, if the interior of the current density profile is hol-
low, i.e., r; > 0 (a hollow current cylinder), then, inside
this cylinder, the magnetic field created by the current
is independent of the radius. For r > r), the field
decreases monotonically. and, outside the space occu-
pied by the current (for r > ry), the field decreases as
B.oc '+ U A similar picture is observed in the cross
section z =-243 cm (Fig. 10), in which the inner part of
the plasma column is still not filled with the current and
the fluctuating magnetic field is almost constant in the
region 0 <r <4 cm, where the current density is equal to
zero. If we know the amplitude of the magnetic field B,
of oscillations with m = 1 at r = 0, we can find the
amplitude of the first mode of the current density j,.
Assuming the radial profile of the current- density fluc-
tuations to be equilibrium, from the experimentally
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determined current profile we can estimate r, and r,. By
taking into account the values of the magnetic- field
fluctuations on the axis, the current-density fluctuations
in the cross section z = — 243 cm for the equilibrium
current density j, = 2 A/cm? can be estimated as j, =
4 Alem?.

The magnetic field of fluctuations with the azi-
muthal numbers m > | is equal to zero on the axis, it
reaches its maximum at a certain radius and decreases
outside the region occupied by the current. Therefore,
as a rule, the experimentally measured profile of the
magnetic-field fluctuations, which includes all of the
azimuthal modes, reaches its maximum at a certain dis-
tance from the axis.

The azimuthal structure of the density fluctuations
can be, in principle, determined from the phase shift
between signals of two probes located at the same
radius in close azimuthal positions. However, we used
another method. If the plasma density perturbation
depends on the angle as exp(im@), then, outside the
region occupied by the current, the magnetic field
decreases as B, =< r"* 1 Therefore, by measuring the
radial dependence of the spectral amplitude of the mag-
netic field at a certain frequency, it is possible to find
the mode number corresponding to this frequency. The
dependence m(w) obtained by this method is presented
in Fig. 11. A large scatter in experimental points is
seemingly associated with the fact that the values of
m(w) are not averaged over the ensemble of measure-
ments. It is seen that the mode number is m = 1-2 in the
frequency range below 50 kHz., in which the most
intense fluctuations of the magnetic field are observed
in experiment, and it increases to m = 4 as the frequency
increases to v = 200 kHz.

5. CONCLUSION

By using movable magnetic probes, we have exper-
imentally studied the fluctuations of the azimuthal and
radial magnetic fields and determined their characteris-
tic properties. The radial profile of the particle flux
associated with the radial magnetic field fluctuations in
the transport region has been measured. The corre-
sponding transverse diffusion coefficient has been esti-
mated.

An analysis of spectra and radial profiles of mag-
netic-field and density fluctuations shows that the mag-
netic field fluctuations are associated with modulation
of the density and current in the plasma stream. The
characteristic azimuthal mode numbers of plasma inho-
mogeneities are m = 1-2, and the current density mod-
ulation is about 50%.
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