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When a longitudinal magnetic field is superimposed to a low pressure plasma, reversal of the
radial ambipolar electric field takes place at a definite magnetic field Br. From the B-values
electron temperatures T, in the plasma can be found, when classical magnetic field diffusion exists.

In the negative H,- and He-glow plasmas with superimposed longitudinal magnetic field, electron
temperatures have been measured on the one hand by the method of electric field reversal and on
the other hand with Langmuir probes. There is a fairly good agreement between the Te-values ob-

tained by both methods.

Method

If in a cylindrical plasma column with super-
imposed longitudinal magnetic field ambipolar ra-
dial plasma currents to the wall and classical elec-
tron-neutral and ion-neutral diffusion can be assum-
ed, the radial electric field E; in the column is
given by (seee. g.1)

Bel—Dsl 1 dng

e WS N ()
with
De D,
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bel_1+be2B2’ ba1= 1+b,2B2
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(Dey, D, electron- and positive ion-diffusion coeffi-
cient across the magnetic field; De, D, electron- and
ion-diffusion coefficient in the absence of a magnetic
field; ne plasma electron density; be|, b, | electron-
and ion mobilities across the longitudinal field; be, b,
electron and ion mobility in the absence of a magnetic
field; B longitudinal magneitic field.)

In the absence of a magnetic field, the radial
ambipolar field is positive, retarding plasma elec-
trons and accelerating plasma ions, since D, > D .

Increase of the magnetic field from zero to higher
values causes a decrease of D,; and D, in (1).
Since at a given pressure the electron mobility b, is
larger than the ion mobility b, by a factor of about
10% to 102, the electron diffusion coefficient D, |
is diminished much stronger than D, | with in-
creasing magnetic field. This causes that with grow-
ing magnetic field B the radial ambipolar electric
field (1) vanishes at a special magnetic field B;.
When  D.1(B))=D,1(B)), E|=0. (3)
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For magnetic fields higher than B,, the ambipolar
electric field will become negative, accelerating the
plasma electrons to the wall and retarding the
plasma ions.

Using the Einstein relation Do=b,U., D, =
b, U,, and the condition b, U, <b,U,, from
Eq. (3) we get a simple relation for the magnetic
field, at which ambipolar electric field reversal takes
place:

) ; — b .
" V(b4 p) (be p) (U+/Ue) —(b+p)?

(p neutral gas pressure, bep, b, p reduced electron-
and ion mobility).

(4)

From relation (4) the electron temperature of
plasma electrons can be calculated easily provided
that the dependence be(U.) is well known from
other experiments. Then from (4) we find an im-
plicit equation for U,:

Ue=U.-be(Uc) p-b. p/[(p/B:)*+ (b, p)?]. (5)

This formula is only valid for classical ambipolar
diffusion across the longitudinal magnetic field.

As an example we calculate B; in the positive
column in He. Assuming the parameters p = 0.5 Torr,
U,=1V,T,=300K, b, p=8.1-103Torrcm? V™1
s, b,p=0.8-10% Torrcm®> V157! (these numeri-
cal values for reduced mobilities will be explained
later), we get B,~3500 Gauss. This magnetic field
is much higher than the critical magnetic field, above
which helical instabilities set in. In experiments 2
the critical magnetic field in the positive He column
for parameters similar to our example has been
found to about 1500 Gauss. Recent measurements 3
of the critical magnetic field in the rare gases Ne,
Ar, Kr, Xe also show that in most cases the magnetic
field for ambipolar field reversal is much higher
than the critical one. — Only for 0<B<B, clas-
sical ambipolar diffusion takes place, whereas at
higher values B>B, Kadomtsev-instabilities¢ set
in, enlarging the effective ambipolar diffusion with
increasing magnetic field by E x B drift, which tends
to drive the plasma electrons radially outwards and
to amplify the diffusion.

Thus the method of ambipolar field reversal for
determining T, from (5) in the most cases is not
available to the positive column, since the magnetic
field which has to be applied for the field reversal
is too high and lies above the critical magnetic field
B. , where no classical diffusion exists.
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In contrast to the positive column, the negative
glow is a plasma with very low electron temperatu-
res (U,<0.1V), so that the characteristic magnetic
field B,, where ambipolar field reversal sets in, is
much lower than in the positive column. In the nega-
tive glow at low pressures p<0.5 Torr the condition

B.<B, (6)

is fulfilled, so that electron temperatures can be
evaluated from (5) and compared with probe mea-
surements.

Experimental

Ambipolar field and electron temperature measure-
ments were carried out in the negative glow of ano-
malous glow discharges in Hy, and He. The distance
between the water cooled Al-cathode and -anode is
30 cm. There is no Faraday dark space and no positive
column existent. Between the two water cooled coils
for magnetic field generation up to 600 Gauss there is
a slit of 1 cm for leading through two radially movable
probes.

For electron temperature measurements four differ-
ent radii of the discharge tube have been used: R =0.94,
1.2, 1.8 and 3 cm. The electron temperature measure-
ments have been carried out in the following manner.
A platinum probe, 0.05 mm in diameter, was always
held incandescent by electron impact. Measurement of
T takes place 30 sec after turning off the high positive
probe voltage in a time interval of about 5 sec. The
probe voltage is measured versus a second directly
heated floating probe. — The radial ambipolar electric
field is obtained from radial floating potential measure-
ments. The inversion point is found in the most sensi-
tive way at a distance of about 6 mm to the wall. Here
the magnetic field By is found with an accuracy of
about 1 Gauss.

Up to magnetic fields of 600 Gauss no oscillations
in the negative glow have been found from probe
measurements.

Results

In Fig.1a,b the magnetic fields B,, at which
reversal of the radial ambipolar electric field from
positive to negative values takes place, and the
derived electron temperatures are shown. The T¢(p)-
values are calculated from Eq. (5) with U, =U,,.
The U,-dependent electron mobilities b.(U,) in Hy and
He are obtained from measurements of electron drift
velocities as a function of the reduced electric field
E/p (Hy:579 He:%®) and from measurements of
the characteristic energy D./b, as a function of E/p
(H,: 19 11, He: 12 13) | Thus the U,-dependent b(U.)
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can be represented in the energy range 0.01 <U,
< 1V by the following expressions:

H,: b,p=3.8-105-U,~%% Torr cm®*V~! s71,
He: b,p=7.8-105-U,~ %4 Torrcm®*V~1s~. (7)

These electron mobilities agree fairly well with the
b, p-values calculated from
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Fig.1a,b. Magnetic fields, at which reversal of the radial
ambipolar electric field takes place and derived electron tem-
peratures in the H,- and He-negative glow.
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if for F a Maxwellian wvelocity distribution is in-

serted and the momentum transfer cross sections
in 28 are used.

The ion mobilities are: b, p=9.3-10% Torr cm? V1
s~1in H, (see 718) and 8.1:10% Torrcm?V~1s™1
in He (see 1% 20). — In the He-glow the He,"-con-
centration can be neglected compared with the He*-
ions 2!, In the Hy-glow the ion mobility probably
corresponds to the predominating Hg*-ion 22 23,

Comparison with Langmuir Probe Measurements

The electron temperatures in Fig. 1 a,b obtained
from these electron- and ion mobilities have to be
compared with Langmuir probe measurements. The
probe measurements have been carried out at differ-
ent magnetic fields and discharge tube diameters.
In Fig. 2 and Fig. 3 the electron temperatures ob-
tained from probe measurements and from field re-
versal are plotted separately versus the reduced
quantity R p-VD,|/D,1 in Hy and He. R is the tube

radius and

DalI/Dal=1+be b, B? (8)

(Day1, Daj ambipolar diffusion coefficient perpendicu-
lar and parallel to the magnetic field).

The reduced quantity R p VD,i/D,1 generally is
determining the electron temperature in a cylindri-
cal low pressure plasma. This can be shown in the
following simple manner: The important quantity for
T. is the ratio of mean diffusion losses 7;,ss to the
elastic or inelastic collision losses #j of the plasma
electrons. This ratio can be written in the following
reduced form, supposing a zero order Bessel func-
tion for the radial plasma density distribution:

Voss _ 1 1 _ ( R )2 11
Pm  Taitt ¥m \2,40) Da) ¥m
=(£.P_)2,Dan 11 _ (9
2,40/ Da) (fm/P) (Dayi*p) ’

For a given gas this ratio is a function of
RpVD,/D, 1, which therefore is the only relevant
parameter of T, .

Figure 2 and 3 show that all electron tempera-
tures obtained at different magnetic fields and
tube diameters are reducible with reference to
RpVD,/D,i. — The electron temperatures have
been found independent on the discharge current.

Only at low electron temperatures there is discre-
pancy between probe measurements and the results
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Fig. 2. Comparison of electron temperatures in the negative H,-glow from probe measurements and
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Fig. 3. Comparison of electron temperatures in the negative He-glow from probe measurements and from the reversal of
radial ambipolar electric field.

of field reversal. Latter results we suppose to give
the more correct values, since smallest impurities
of the probe surface will cause higher apparent T,-
values at these extremely low electron temperatures
(work function, resistivity of surface layers), when
the normal Langmuir probe method is used. At the
field reversal method all these disturbing effects do
not occur.

Probe measurements of other authors 24727 in the
negative glow show similar low electron temperatures
of about 500 — 600 K at higher pressures.

From radial probe measurements carried out at
the magnetic field B,, we have found the T-values
independent on r, so that the comparision (Fig. 2, 3)
of probe measurements in the axis and field reversal
measurements near the wall is correct.
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Our probe measurements of the axial electric field
strenght show that there is a retarding field for
electrons in direction of the anode (E,~20 mV/cm).
That means that the plasma electrons do not get
energy from the field and can thermalize down to
the temperature of the neutral gas (~320K).

Determination of electron temperature from elec-
tric field reversal is a very sensitive method in plas-
mas with low electron temperatures like the negative
glow. Since in (5) the inequality b, p < p/B; is
fulfilled in all cases, the degree of accuracy for T
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measurement from field reversal is given by the er-
ror of B,, which in our measurements was lower
than 3 percent.

The method of field reversal is only available, if

1. plasma density and radial electric field in the
plasma column can be described by the classical
ambipolar diffusion model,

2. electron velocity distribution is nearly Maxwel-
lian, so that transport coefficients D, and b, can
be expressed as a function of U, .
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