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Diffusion of a helium plasma in a double-screw stellarator is investigated experimentally for mag-
netic field strengths between 6 and 12 kOe. The density and temperature of the plasma were 1 x 10*
cm™ and 0.6 eV. It is shown that the dependences of the plasma diffusion time on the magnetic field
intensity and on the angle of rotational transformation of the force lines is in agreement with the
hydrodynamic model of classical diffusion of a plasma in a toroidal helical magnetic field.

1. INTRODUCTION

THE mechanism of classical plasma diffusion in a
toroidal magnetic trap with rotational transformation
of the force lines, due to paired electron-ion collisions,
was first qualitatively considered by Budker[‘],who pre-
dicted an increase of the diffusion coefficient in such a
system owing to the drift mixing of the particles. This
problem was then investigated more rigorously by
Pfirsch and Schluter[®) and by others®~*! in the hydro-
dynamic approximation, when the electron mean free
path Agj is much shorter than the ‘‘coupling length”’
L—the distance along the force line corresponding to one
turn of the line around the ‘‘minor axis’’ of the torus. In
particular, it is shown in[®) that in a stellarator with a
circular magnetic axis, the coefficient of collision dif-
fusion of a plasma is expressed in the form D¢

= pavei(l + 87%/8%), and consequently an estimate. of

the diffusion lifetime of the plasma can be obtained

from the expression

p— az
T (2/4)%0.va (1 + 8n?/0%)

Here p¢ is the Larmor radius of the electrons, vej the
frequency of the electron-ion collisions, a the radius
of the plasma, and ¢ the angle of rotational transfor-
mation when the torus is traversed.

By now, many experiments have been performed on
plasma containment in stellarators, under conditions
tei K L™ pbut in most of them ™' (with the excep-
tion of the investigations with the Wandelstein stellara-
tor!!5!2) and the experiments with a weakly-ionized
plasma on the stellarator of the Novisibirsk Institute
of Nuclear Physics!'®!), the processes of the transport
nf a current-free plasma were determined by instabil-
ities, and the plasma analysis exceeded by several
orders of magnitude those expected assuming classical
diffusion. Thus, the theory of classical diffusion of a
plasma with xgij K L in toroidal traps with rotational
transformation of the force lines was not fully con-
firmed experimentally, and further investigations are
needed under the indicated experimental conditions.

In this connection, from the point of view of verify-
ing the main conclusions of the theory, interest attaches
to the following formulation of the experiment. A
study of the diffusion of a currentless plasma in a
stellarator magnetic field is carried out under condi-
tions when the estimate of the classical diffusion time
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7. Wwith the aid of expression (1) gives a value much
smaller than the time of the turbulent diffusion, corre-
sponding, for example, to the reciprocal of the incre-
ment of the drift-dissipative instability and equal in
order of magnitude to the Bohm diffusion time 7

= a?%/(2, 4)°Dp (DB = ckT/16eH—Bohm diffusion
coefficient). With such a formulation of the experi-
ment, one can expect a relative decrease of the contri-
bution of the turbulent plasma-transport processes,
and the main laws of classical diffusion should become
manifest more clearly. It should be noted that in this
case the effects of increased diffusion losses, con-
nected with rotation of the plasma and predicted by
Stringer*! are certainly negligible.

We present below results of an investigation of the
diffusion of a dense and sufficiently cold plasma in an
accelerator, when 7o < 7g. Unlike in the experiments
of** 181 the decay time of the plasma density is depend-
ent on the magnetic field and on the angle of rotational
transformation.

2. EXPERIMENTAL SETUP AND METHOD OF
PLASMA PRODUCTION

The experiments were performed with the RT-2
installation, comprising a circular two-screw stellara-
tor with a quartz discharge chamber. Figure 1 shows
a diagram of the RT-2 setup. We present its basic
parameters:

Major radius of torus 65 cm
Minor radius of helical winding 10 cm
Number of helices of helical winding 2
Number of periods of the field 12
Inside radius of quartz discharge

chamber 4 cm
Maximum intensity of toroidal mag-

netic field Hy 20 kOe
Maximum value of current in the

helical winding, I 100 kA
Duration of magnetic-field pulse 12 msec
Parameter of modulation of helical

magnetic field, € 0.07 I/H,

Maximum calculated value of the angle
of rotational conversion on the outer-
most magnetic surface, ¢ 47

Maximum value of average shear of
force lines, 6

~0.02
Depth of magnetic well at € < 0.25

1-2%
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FIG. 1. Schematic diagram of the
RT-2 setup: 1—quartz discharge
chamber, 2—helical-field winding,
3—coils of toroidal magnetic field,
4—high-frequency circuit, S—tube
for optical measurements, 6—Rogow-
ski loop, 7—diamagnetic pickup, 8—
microwave antennas, 9—double elec-
tric probe, 10—bolometers.

The RT-2 apparatus provides for interchangeable
sets of two-helix and three-helix windings, consisting
of standard-construction single-turn elements. The
existence of magnetic surfaces on the installation with
the three-helix winding was verified earlier with the
aid of the method of multiple passage of an electron
beam, described in!*"). Depending on the position of
the electron gun, the number of beam revolutions
registered ranged from ~ 100 to ~ 300, in agreement
with the estimate of the loss of electrons at the gun
and at the receiving probe. Such numbers of revolu-
tions are typical for measurements of this type per-
formed with other stellarators whose windings are

made multiturn.
The experiments described below were made after

the triple-helix winding was replaced by a double-
helix winding, this being done mainly in an effort to
increase the equilibrium margin of the plasma, and
also because in the case of a double-helix winding it
becomes easier to compare the experimental results
with theory, since the angle of rotational conversion ¢
changes little over the radius.

In the case of a double-helix winding, no second
study of the ‘‘quality’’ of the helical magnetic field
was made with the aid of an electron beam, but one
can expect with sufficient justification that the replace-
ment of the windings with retention of their standard
structural elements and precision of manufacture did
not bring about any additional defects in the magnetic
field. The accuracy of the toroidal magnetic field was
checked independently with the aid of an electron beam
making one turn along the torus. The integral accuracy
of the magnetic field 6B/B, determined from the de-
flection of the electron beam, was not worse than 1.5
x 1073, We note that the requirements with respect to
the number of turns of the force lines prior to their
leaving the system, in the case of experiments with a
cold plasma, are much less stringent because of the
lower rate of drift of the charged particles along the
force lines.

The plasma was produced by an induction high-
frequency field excited by a toroidal system of turns
with in-phase currents at a frequency 2 MHz. The
longitudinal HF field in the plasma could be varied in
the range 0.5--2 kA. The initial pressure of the gas
(helium) ranged from 1 x 1073 to 7 x 10~ mm Hg. The
lower pressure limit of the working gas was determined
by the threshold for the ignition of the discharge. The
degree of ionization of the plasma was determined
from the relative intensity of the helium lines
(Hell 4686 A/HeI5047 A) and was very close to 100% at
a high-frequency current =1.5 kA. The high-frequency

field was turned on for ~ 1.5 msec close to the attain-
ment of the maximum of the quasiconstant magnetic
field. The study of the plasma decay was carried out
after abrupt termination of the high-frequency voltage
(the time of complete disappearance of the high-fre-
quency current from the plasma was ~5 usec).

The electron density n in the plasma was measured
with the aid of microwave interferometers operating at
wavelengths 1.5 and 2.2 mm. The value of n deter-
mined from the measurements agreed with the density
value averaged over the length of the microwave beam
in the plasma. With the aid of a measuring coil in-
stalled in one of the sections of the chamber and sur-
rounding it, we measured the diamagnetism of the
plasma. The transverse plasma temperature (Te
+ Tj), was determined from measurements of the
diamagnetism and the density of the plasma. A mono-
chromator and a photoelectron multiplier were used to
register the glow of the helium lines in the visible
region of the spectrum,

The values of the density and temperature of the
plasma measured during the active stage of the dis-
charge were respectively 3 x 10*~3x 10'* cm™ and
10-—-20 eV. Probe measurements have shown that in
the active stage the density and the temperature of the
plasma have strongly pronounced maxima near the
surface of the plasma, owing to the skin effect of the
high-frequency field.

Microwave sounding of the cross section of the
plasma at a wavelength 2.2 mm in two orthogonal
directions has established that the dimension of the
plasma column is determined in the employed range
of variation of the magnetic-field modulation parame-
ter € by the dimension of the outermost magnetic
surface—the last magnetic surface inscribed in the
minor cross section of the chamber. The effect of
localization of the plasma by the helical magnetic
field was also confirmed by probe and optical measure-
ments. A two-channel microwave sounding of the
plasma cross section has shown that the ratio of the
major dimension of the plasma cross section to the
minor one, both in the active stage of the discharge and
in the decay phase, agrees with the geometry of the
magnetic surfaces obtained by numerical integration
with an electronic computer. In the calculation, we
used an expression for the scalar magnetic potential“"]
in which five harmonics of the expansion of the surface
helical current were taken into account. The results of
the measurements and typical cross sections of the
calculated magnetic surfaces are shown in Fig. 2. The
data given in Fig. 2 concerning the profile of the
plasma cross section were used by us in the reduction
of the results of the diamagnetic and microwave meas-
urements, and also in the choice of the calculated dif-
fusion dimension of the plasma a, which enters in
expression (1).

The intensity of the toroidal magnetic field H, in
the discussed experiments ranged from 6 to 12 kQe.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The decay of the plasma in the afterglow stage was
investigated not immediately after the termination of
the high-frequency voltage, but 100--200 usec later,
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FIG. 2. a—Oscillograms of microwave signals. The signal is propor-
tional to{ ndx, where [ is the length of the microwave beam in the
plasma. Upper oscillogram—sounding by transmissions through the ma-
jor dimension of the plasma, lower—through the minor dimension. € =
0.49. b—Dependence of the calculated ratio of the maximal dimension
I, of the magnetic surface inscribed in the chamber to the minimum di-
mension of /, on the value of e(curve 1). The points + were obtained as
a result of a numerical integration in the toroidal case. The points O
represent the ratio of the microwave signals passing through the plasma
along its major and minor dimensions. Curve 2—dependence of the cal-
culated average dimension of the magnetic surface inscribed in the
chamber on €. Curves 1 and 2 were obtained from calculation in the
cylindrical approximation [??]. c—Cross section of magnetic surfaces
at € = 0.49, obtained as a result of numerical integration in the toroidal
case. The numbers indicate the representative points of the force lines,
obtained during each period of the magnetic field. The angle of the
rotational conversion on the magnetic surface inscribed in the chamber
lies in the interval ?/,3* 27 < & < '/, 27 (the number of periods of
the field on the perimeter of the torus is equal to 12). Dashed circle—
cross section of discharge chamber. The arrows indicate the directions
of sounding of the plasma by the microwaves in the given section of the
magnetic surfaces.

when the decrease of the density became quiescent
and, as shown by controlled measurements with the
aid of electric probes, the singularities in the spatial
distribution of the density and of the temperature,
connected with the skin effect of the high frequency
field during the active stage of the discharge, disap-
peared. At the instant of the measurements, the
plasma temperature dropped to a value <1 eV, and a
flash of recombination radiation of the helium appeared.
Typical time plots of the plasma density, its tempera-
ture, and the recombination-glow intensity of the He
Hel 5875 A line are shown in Fig. 3.

Under the experimental conditions, the time of
equalization of the electron and ion temperatures was
much shorter than the containment time, and therefore
the plasma could be regarded as isothermal with a
temperature Tg = T = 74(Te + Ti),.

The assumed requirement 7o < 7g, in conjunction
with the necessary condition that the plasma be mag-
netized, leads to the inequality

10°* n, cm™ J, rel. un.

FIG. 3. Time dependences of
the plasma density n, of the tem-
perature T, and of the glow in-
gs  tensity J of the He 5875A line.

H, = 10 kOe, € = 0.49.

]
10 t, msec

a 02 94 a6 [Z]

1 << Grme [ Ve << 16 (1 + 82/ 99), (2)

where wye is the electron cyclotron frequency. The
experimental relations presented below were obtained
in a range of magnetic fields 6 kOe = H, = 12 kOe,
when the inequality (2) was satisfied. In practice the
condition (2) was satisfied (in a certain time interval)
by choosing the initial values of the plasma density and
temperature. We note that the right-hand side of the
inequality (2) at ¢ ~ 27 and H, = 6—12 kOe gives rise
to vei > 4 X 10° sec™, i.e., an experiment of this type
can actually be carried out only with a dense and suf-
ficiently cold plasma.

The decrease in the plasma density was close to
exponential (this was verified by plotting n(t) in a
semilogarithmic scale).

Figures 4 and 5 show plots of the time 7, neces-
sary for the plasma density to decay by a factor e,
against the magnetic field intensity and the square of
the modulation of the helical field €?, which is pro-
portional to the twist angle of the force line 4. In
plotting these relations we chose from the aggregate of
experimental points 7y for a given € or for a given
H, the points corresponding to identical values of n
and T, (within limits of ~ 20%).

.In the range of variation of the initial plasma
density 1 x 10™--3 x 10" ¢cm™ and at an initial tem-
perature Tg = 0.6 eV, the plots of 74(H,) have a
nearly linear character, and an increase of the decay
time with decreasing plasma density is observed (see
Fig. 4).

In the range of variation of the parameter €” from
5x 1072 to 2 x 107}, the value of 7, increases with in-
creasing €,, and the 7(€?) dependence is somewhat-
stronger than linear. With further increase of €, a
minimum is observed in the Tp(€?) dependence at a
value € = 0.5, corresponding, as follows from Fig. 2c,
to a rotational-conversion angle # ~ 27 on the mag-
netic surface inscribed in the chamber. Similar min-
ima in the dependence of the lifetime of the plasma on

T, msec

Ty MSEC

04

02|

L L 1
H,, kOe a5 1

FIG. 4 FIG. 5

FIG. 4. Dependence of the plasma density decay time 7, on the
magnetic field. ¢ = 0.49, T~ 0.6eV.O-n=1X 10¥ cm™, O-n=
1.4 X 10¥ cm™@,A~n=3 X 10¥ cm™.

FIG. 5. Dependence of the plasma density decay time 7, (curve 1)
and of the diffusion time 74(curve 2) on the parameter €2« 9, Curve 2
was obtained with the aid of expression (4), and curve 3 is theoretically
calculated from expression (1). The shading denotes the field of errors
in the quantity 74. Ho =8 kOe, n =1 X 10" cm™, T= 0.6 eV.
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€ at rational values of #/27 were observed earlier
in(**1%) and were attributed to the destruction or else
to the splitting of the magnetic surfaces as a result of
resonant perturbation of the magnetic field. Integer
values of ¢/2n, from this point of view, as is well
known, are the most dangerous. It should be noted that
the minimum at € ~ 0.5 was also observed in the de-
pendence of the energy lifetime of the plasma on €
during the active stage of the discharge, when the
plasma parameters and their spatial distribution were
essentially different from those during the decay stage.
This fact, in our opinion, confirms independently the
explanation of the observed minimum as being due to
perturbation of the structure of the magnetic field, and
not to some other effect.

If we compare the plasma decay times shown in
Figs. 4 and 5 with the theoretical estimate of the
classical-diffusion time (1), then it turns out that they
agree within a factor on the order of 2—4. The experi-
mental density decay times actually turned out to be
much shorter than the Bohm diffusion time. These re-
sults, together with the observed growth of the plasma
decay time with increasing magnetic field and with in-
creasing angle of rotational conversion, point to an
important role played by classical diffusion in the
transport of the plasma particles in the stellerator
under our experimental conditions.

In spite of the quantitative agreement, in order of
magnitude, between the experimental density decay
time and the estimate that follows from the classical
diffusion theory, there is an appreciable deviation in
the functional dependences of 7n on the magnetic field
and on the angle of rotational conversion, This differ-
ence may be due to the fact that the rate of plasma
loss is influenced not only by the diffusion but also by
some other mechanism whereby the charged particles
are removed from the volume. The most probable
cause of the additional plasma loss, as follows from
the sequel, is collision-radiative recombination.

We observed the dependence of the time 7 on the
magnetic field only for an initial value Te 2 0.6 eV.
Thus, for example, at Te = 0.4 eV and at an initial
value n = 1.4 x 10" cm™, the value of 7, was inde-
pendent of the magnetic field if its intensity exceeded
~ 8 kOe, and was equal to 0.2 msec (Fig. 6). The inde-
pendence of the decay time of a dense and cold plasma
(n~ 10"~10" cm™, T¢ < 0.4 eV) of the magnetic field
was observed earlier in experiments with the B-1
stellarator!**»*®] and was also attributed to the com-
peting process of volume recombination elimination of
particles.

The characteristic recombination time can be de-
termined from the expression

T, = (1.2an) 4, (3)

which, as indicated in!?°), is valid for ana®/ D < 5, i.e.,
in a sufficiently wide range of ratios of the recombina-
tion time to the diffusion time (a is the recombination
coefficient). Expression (3) will be used by us hence-
forth to determine the recombination time for known
a(T) and n,

The functional dependence of the recombination co-
efficient on the plasma temperature in the range
T = 0.2--0.6 eV is shown in Fig. 7. It was obtained

Ty, MSEC
‘1 FIG. 6. Typical dependence of
| % the plasma density decay time on
0z /? i the magnetic field under conditions
when recombination predominates.
n~14X10%cm3, T~ 0.4eV.
0
4 6 8 0 H,,kOe

FIG. 7. Dependence of the recombination
coefficient of a helium plasma on the temper-
ature. Points—experimental values, solid curve—
theoretical dependence of the three-particle re-
combination coefficient [1°]. Hy, = 11 kOe; € =
0.49;6 X 10¥<n<2X 10" cm™.

1075,

£ ‘ 1
‘ 561077 %
N

from the experimental curves n(t) and T(t) with the
aid of the expression dn/dt = - an® under conditions
of significant predominance of recombination, which
was monitored against the absence of a dependence of
Tnp on the magnetic field. It is seen from Fig. 7 that at
T < 0.3 eV the experimental dependence of a/n on T
is in satisfactory agreement with the theory of colli-
sional three-particle recombination developed in!*®],
At higher temperatures, the dependence of the recom-
bination coefficient on the temperature turns out to be
weaker, and this agrees qualitatively with the results
of careful calculations of the coefficient of radiative-
collision recombination of a hydrogenlike plasma
carried out by Bates et al.!?!), The estimates of the
recombination time that can be obtained with the aid
of the dependence shown in Fig. 7 and with the aid of
(3), show that the recombination time in our experi-
ments is comparable with the plasma decay time 7n.
Thus, to separate the diffusion time 74 it is necessary
to introduce a correction that takes the recombination
loss of the plasma into account. We note that ioniza-
tion during the stage of plasma decay can be neglected,
for when Tg = 0.6 eV the ionization coefficient is
smaller by many orders of magnitude than the recom-
bination coefficient!?!,

The dependences of the plasma diffusion time in a
magnetic field on Ho and € were determined by us on
the basis of the reciprocal quantities

At ()
Tn Td Tr
at chosen initial plasma parameters Te = 0.6 eV and
n~ 1x 10" cm™, where a distinct dependence of 7p
on the magnetic field intensity was observed, is shown
by curve 1 in Fig. 8. Each experimental point is the
mean value of three measurements at the indicated
plasma parameters, and the values of the plasma
density and of the temperature for all the experimental
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FIG. 8. Dependence of the plasma
density decay time 7, (curve 1) and of
the diffusion times 74 (curve 2) and 7

Curve 2 was obtained with the aid of ex-
pression (4), curve 3 is theoretical and
calculated from expression (1). The
shading denotes the field of errors in the

41— value of 4. € =0.49,n =1 X 10¥ cm™3,
o and T=0.6eV.
T2 R, koe

points of curve 1, as already noted above, were the
same within about 20%.

The experimental value a/n~1x 107 ¢m® sec”
obtained at Te = 0.6 eV (Fig. 7) corresponds to a re-
combination time, determined from (3), of 7p ~ 0.8
msec for a plasma density n~ 1 x 10" cm™, The
74(H,) dependence calculated with the aid of (4) is
close to quadratic (curve 2 of Fig. 8) and coincides
quantitatively, apart from a factor ~ 2, with the
theoretical estimate (1) (curve 3). In expression (1)
we substituted for a the average dimension of the
outermost magnetic surface inscribed in the chamber,
equal to ~3 cm,

The 74(€?) dependence (curve 2 on Fig. 5) obtained
with allowance for recombination losses in the manner
indicated above turns out to be much stronger than
Tn{€?) (curve 1), and is functionally in satisfactory
agreement with the theoretical relation (1) (curve 3).
Expression (1), obtained in the approximation of
rounded magnetic surfaces, is not perfectly adequate
in the case of pronounced ellipticity of the plasma
cross section, Allowance for the ellipticity of the
plasma cross section was expressed by the fact that
the diffusion dimension a was chosen to be the dimen-
sion of the outermost magnetic surface; we used in
this case the dependence of the average dimension of
the magnetic surface on the value of ¢, as shown in
Fig. 2b. The rotational transformation angle was as-
sumed to be its average value ¢ = ($, + #,)/2, where
the calculated values of ¢, and ¢, were determined
respectively near the magnetic axis and on the outer-
most surface,

The error in the determination of 74 is mainly due
to the inaccuracy in the value of 7, substituted in (4).
The relative error in the determination of 7y from (3)
can be represented in the form

1

(it is recognized here that the experimental recom-
bination-coefficient points shown in Fig. 7 are
normalized with respect to density). The error in the
determination of the coefficient @, owing to its strong
dependence on the plasma temperature, is due mainly
to the error in the determination of the temperature,
which in individual measurements could reach AT/T
~ 0.2; the probable error (the number of measure-
ments was not less than 3) is estimated at $0.1. The
probable relative error in the determination of the
density is estimated at $0.05. If it is recognized that
near T~ 0.6 eV, as follows from!?!], the recombina-

(curve 3) on the magnetic field intensity.

tion coefficient is approximately proportional to T'3,
then the probable relative error is | ATy /7| = 0.4.

Figures 5 and 8 show the error fields of the quantity
T4, obtained when account is taken of the probable
relative errors of AT./7p = 0.4 and ATp/7, = 0.1 (in
Fig. 5 the error field is shown only in the region
where the experimental dependence is compared with
the theoretical one). We see that the primary experi-
mental relations 7 (€%) and Tp(He) do not intersect
the error field, The theoretical relation 7¢(€?) lies
within the error field in its entirety and the 7(H,)
relation partly. The poorer approximation of the
Td(H,) relation to 7.(H,) in Fig. 8 is probably due to
the fact that the experimental dependence was obtained
at € ~ 0.5 (¢ ~ 27 on the magnetic surface inscribed
in the chamber), when a decrease of the diffusion
dimension of the plasma due to the resonant perturba-
tions of the magnetic field is to be expected., From
Figs. 5 and 8 we can conclude that the relations 7g(€?)
and T7q(H,) agree quantitatively with the theoretical
ones, at any rate with accuracy not worse than by a
factor of ~ 2,

4. CONCLUSION

The results and their discussion lead to the conclu-
sion that in the case of a relatively small contribution
of the turbulence to the transport processes, the main
experimental dependences of the plasma diffusion time
on the magnetic field and on the angle of rotational
transformation, in a two-helix stellarator under the
condition 2gi K L are in satisfactory agreement
functionally (and with allowance for the measurement
errors, also quantitatively) with the hydrodynamic
model of classical diffusion of a plasma in a toroidal
helical magnetic field. An estimate of the time of dif-
fusion from the Bohm relation, at Te =< 0.6 eV, gives
a value that exceeds the observed one by more than one
order of magnitude, thereby confirming both the cor-
rectness of the choice of the experimental conditions
and the main conclusion of the present paper. We note
also that during the measurement time, the density and
the energy of the plasma decayed monotonically without
visible symptoms of instability, at signals up to fre-
quencies ~1 x 10° Hz, determined by the bandwidths of
the measuring channels.
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