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HIGH FREQUENCY PROBE MEASUREMENTS AND
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The spatial distributions of high and low frequency fields were measured on the anode side of double layer. Measurements show that
double layer is composed of a central region with a very sharp potential gradient surrounded by regions where ions and electrons entering the
layer are accelerated. Low frequency field, which appears due to double layer motion and potential drop fluctuations in the layer, has a sharp
maximum in the double layer region. The high frequency field has a broad maximum around the electron plasma frequency and it is localized
in the anode plasma. Its maximum is displaced from the double layer to the high potential side, where electron beam is formed.

Distribution functions measured with the help of improved pair probe method showed that electron energy distribution is consisted of
two parts: thermalized trapped electrons and beam part, which is formed passing through the double layer. Though electron beam rapidly
losses its energy exciting high frequency field in the anode plasma, it does not become completely thermalized and preserves its directed

character up to the anode surface.
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1. INTRODUCTION

In number laboratory experiments the properties of
double layer (DL) have been investigated in magnetized as
well as in unmagnetized plasma [1.2.3]. However, little is
known about the excitation of waves and fluctuations at a
DL. In addition to possible instabilities associated with the
spatial inhomogenity at the layer, interaction is expected
between the surrounding plasma and the particle beams that
are formed as the result of acceleration. Interesting questions
are whether such interactions may lead to a strong
modification of the DL structure, whether the electron beam
breaks up and becomes completely thermalized within the
anode plasma, and what fraction of the beam energy is
converted to hf energy and ultimately radiated.

If the beam were completely thermalized the anode
current would have the character of a random current,
reduced by a Boltzmann factor corresponding to the potential
minimum near the anode. The average depth of the
fluctuating potential minimum is about 4V [1]. Probe
measurements in the anode plasma indicate the electron
temperature about 2 eV and density 3.10"°m>. A plasma with
this density and temperature could only supply an anode
current of a fourth or less of the actual current. The
conclusion is that the electron beam does not become
completely thermalized. The majority of the beam electrons
make a single transit through the anode plasma to the anode.

In this paper results of experimental investigation of a DL
in a magnetized plasma column on the anode side of the layer
are reported. The spatial distributions and other important
properties of the fluctuating electric field are presented for
the high and low frequency waves. Electron energy
distribution function have been studied with the help of
improved pair probe method. Measurements show that the
DL is composed of a central region with a very sharp
potential gradient, surrounded by regions where ions and
electrons entering the layer are accelerated. Though electron
beam mainly losses its energy exciting hf field in the anode

plasma, it preserves its directed character up to the anode
surface.

2. THE DL FORMATION

The plasma column, which is confined by a homogeneous
axial magnetic field, is obtained between the hollow electrode
with inner diameter of 1.5 ¢m and the anode. The plasma
source is a DC arc discharge between the mercury pool
cathode and hollow electrode. The mercury vapor pressure in
the vacuum chamber is kept at 0.1 mTor, which is about one
order of magnitude smaller than the pressure in the plasma
source.

The electron mean free path is much longer than the
plasma column whereas the ion mean free path for charge
exchange is estimated to 6 cm. In the current-free column the
following parameter values are typical. The axial electric
field is weak about 1 V/m and directed towards the anode.
The electrons have a Maxwellian distribution with a
temperature of about 2 eV. The ion energy can be estimated
to be of the order of 0.1 eV. For the weak magnetic fields
considered here, the ion gyro radius is larger than the column
diameter, and a radial field confines the ions. The electron
number density is of the order of 3 10'* m~. This is also the
typical electron number density on the low potential side of
the formed DL.

When a sufficiently large electron current is drawn to the
anode, an anode sheath depleted of ions is formed. The
electrons in this sheath form a negative space charge and the
anode potential rises to the value necessary to draw the actual
electron current to the anode. When the potential difference
between the anode and plasma exceeds the ionization
potential of the gas, ionization begins in a thin sheath close to
the anode, and electric field at the anode surface is expected
to be reduced due to the space charge of the ions. When the
current is further increased, the region with steep potential
gradient moves further away from the anode and forms a DL.
The layer can be placed at any desired distance from the
anode by varying the anode current. The DL separates the
cathode plasma from the anode plasma [4].
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Number of axially and radial movable Langmuir probes
have been wused for potential, density and electron
temperature determinations. The bandwidth of these probes is
limited to about 200 kHz because of their rather large
capacitance’s to ground (100 pF).

Special methods have been used to overcome the
difficulties caused by the fluctuations in the plasma, and to
compensate for the inevitable disturbance of the plasma
caused by the presence of the probes. A sampling technique
has been used to select moments when the layer position and
the potential drop over the layer assume fixed values.

The cathode plasma is quiescent but the potential of the
anode plasma fluctuates almost coherently with the
fluctuating potential drop across the double layer. Within the
anode plasma the signals were found to be almost identical,
independent of the probe positions, and the small delays
between the probe potential fluctuations are consistent with
propagation velocities of the order of the thermal electron
velocity (10°m/s) or larger.

Measurements of the spatial distributions for various
frequencies confirm that the low frequency field assumes its
maximum values in a region at the double layer, where it
typically is an order of magnitude larger than in the
surrounding plasmas. This is shown in figure la for a
frequency of 50 kHz (bandwidth 8 kHz), and single- humped
distributions like this one were found for frequencies larger
than some tens of kHz. This suggests that the fluctuations in
the layer profile are the dominating source for the electric
field at these frequencies and that the axial layer motion
manifests itself only in the width of the hump, which is a
rough measure of the amplitude in the motion.

The radial electric field is directed inward in the cathode
plasma but directed outward in the anode plasma. The
equipotential lines, which are transverse to the magnetic field
at the symmetry axis, tend to become parallel with the
magnetic field at the plasma boundary. There is a radial
expansion of the plasma column towards the anode. Most of
this expansion seems to occur in a region at the DL.

The cathode plasma, which is maintained by the plasma
source, provides the layer with reflected ions and free
electrons, and random electron flux at the potential minimum
(X~Xo, figure 1) determines the electron flux towards the layer
and the discharge current.
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Fig.1. a) The spatial distribution of low frequency field for a
frequency 50 kHz (bandwidth 8 kHz).
b) The spatial distribution of high frequency field,
measured by a twin probe for a frequency of 500 MHz
(bandwidth 3 MHz).

The acceleration of these electrons in the layer increases
the probability of impact ionization by several orders of
magnitude, and this process is the only source for positive
ions in the anode plasma. The potential in the anode plasma
assumes a flat maximum so that a potential well is formed for
the electrons. Probe measurements show that the depth of the
well, which is determined by the potential minimum in front
of the anode, is at least 4 V, but it may be deeper. Although
the electron mean free path is much longer than the length of
the plasma column, elastic and inelastic collisions between
electrons and atoms can accordingly build up a trapped
electron population, which gives reflected electrons at the
layer. Thus both free and reflected ions and electrons are
present at the layer.

It can also be argued that the DL is strong, that is, the
particle energies gained by accelerating in the layer (18 V)
are much larger than the energies of the particles when they
enter the layer. Electrons in the cathode plasma are
Maxwellian-distributed with a temperature of 2eV.
Accordingly the distribution function of the electrons, that
enter the layer at the potential minimum, can be
approximated by a half-Maxwellian distribution with this
temperature. The fast ions, that have been accelerated in the
DL, are lost in the cathode plasma by charge transfer
collisions. The energy of ions moving towards the layer in
the cathode plasma is therefore determined mainly by the
mean free path for charge transfer collisions and the weak
axial field there, which is directed towards the layer for x<X.
The average energy can be estimated to be about 0-5 eV. In
the anode plasma the initial energy of the ions, when they are
formed by impact ionization, is negligible, and the maximum
ion energy is limited by the passed potential difference. The
energy of the trapped electrons in the anode plasma is limited
by the depth of the potential well there; that is, the potential
difference between this point and the point at the potential
minimum in front of the anode.

3. HIGH FREQUENCY FIELDS AND BEAM —
PLASMA INTERACTION

The electron distribution function on the high potential
side of the double layer may be strongly modified due to
beam-plasma interaction. A first evidence of this interaction
is a high frequency field with frequencies of the order of the
plasma frequency. The conditions on the high potential side
of the DL are similar to those prevailing in front of the
cathode sheath in hot-cathode, low pressure discharges, and
in that case a large number of investigations of the high
frequency field and the energy dispersion of electron beam
have been presented [S]. Here the high frequency field
existence on the high potential side of the DL and its
properties with earlier investigations were demonstrated.
Accordingly the same group of problems appearing in beam-
plasma interaction should also be of importance for the
understanding of a DL phenomenon.

Specially developed twin probes were used in the
measurements for the following reasons. A single coaxial
cable with the inner conductor as a probe tip would measure
the difference between the potential of the tip and badly
defined potential of the outer conductor, because this has
usually to be grounded at some point several wavelengths
from the plasma volume. In particular, this potential would
depend on the way in which the cable enters the plasma, and
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correlation measurements with two probes would become
erroneous. The twin probe consists of two thin parallel cables
with the inner conductor protruding 2 mm into the plasma.
The outer conductors are carefully joined near the probe tips,
and therefore have a common potential. This unknown
potential is eliminated by forming the difference of the
signals in a hybrid tee. All cables are carefully terminated in
the receiving end to avoid standing waves. The HF power is
measured with a spectrum analyzer with 3 MHz HF
bandwidth and 3 Hz LF bandwidth. All measurements are
thus time-averages over periods that are long compared with
the periods of the low frequency fluctuations.

The spatial distribution of the power level associated with
the HF field, measured by a twin probe, is shown in figure 1b
for a frequency of 500 MHz. It is a single hump in the anode
plasma with a remarkably sharp maximum displaced about
100 Debye lengths from the DL. Similar distributions were
found for frequencies between 300 and 700 MHz.

The power spectrum, shown in figure 1b, has a maximum
in the vicinity of the plasma frequency. However, since the
diagram represents time-averaged values, any possible fine
structure is probably wiped out by the low frequency
fluctuations. Errors due to the frequency-dependent coupling
between the probe and the plasma also distort such diagrams.

Improved sampling and signal averaging technique has
allowed refined probe measurements. Pairs of thin rod-

shaped probes (@ 0.2mm, g =5mm), one rod parallel to
the beam, the other transverse, have been used. The parallel
probe exhibits only its small end surface to a parallel flow
while the perpendicular one shows a hulf — cylindrical. Total
areas of two probes were equal and currents of thermal
electrons of both probes should be identical. Difference of

currents J | — J; provides a rough method to distinguish

d
beam electrons. Thus d—(J | — Jrepresents directed
\%

part of electron energy distribution function. In fig 2 is shown
d

—Q

dv =

of DL. To eliminate hysteresis the curve 2a is measured in
both direction of change of ramping potential. Near the DL

— J ;) versus V measured at different distances

d
(fig 2a) d—(J |, — J)shows a sharp peak according to
\%

the beam electrons accelerated in DL. This is an unstable
situation and leads to hf — generation. Further downstream
this peak diminishes and gradually disappears, though
directed character of distribution function preserves in the
course of whole anode plasmas.

Pair collisions cannot explain the strong energy exchange,
obtained from the comparison of curves a, b, ¢, d in fig 2, as
the mean free path of electrons is much longer than the
plasma column length. The rapid loss of energy of electrons,
accelerated through the DL can be explained by the
conversion of this energy to the hf field generation. These
oscillations having noise character with the wide spectrum
exists in the measured curves. It should be noted that in this
method the errors connected with the plasma potential
oscillations eliminated since potentials of both probes change
identically.
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Fig.2. Measured — (3, - J,,)at different distances
dv
from the DL: a) 0,5 cm; b) 2 cm; ¢) 6 cm; d) 12 cm.
4. CONCLUSIONS

The double layer investigated is associated with low
frequency and high frequency field fluctuations. Low
frequency field is partly due to an axial layer motion back
and forth and partly due to potential fluctuations in the layer.
It has a sharp maximum in the double layer region. The high
frequency field, which has a broad maximum around the
electron plasma frequency, is also sharply localized in space.
It has its maximum displaced from the double layer on the
high potential side where an electron beam is formed. It is
associated with axially propagating waves with a phase
velocity that is nearly constant over a wide range of
frequencies and rather smaller than the electron beam
velocity.
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Electron energy distribution is consisted of sum of current. Consequently though electron beam mainly losses its
thermalized trapped part and beam part, which is formed energy exciting hf field in the anode plasma, it does not
passing through the double layer. The measurements become completely thermalized and preserves its directed
performed with the help of twin probes showed that beam  character up to the anode surface. The majority of the beam
electrons rapidly loss their energy exciting high frequency electrons make a single transit through the anode plasma to
field. If the beam were completely thermalized, plasma with  the anode.
actual density and temperate could not supply an anode
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IKIQAT TOB9Q3 YAXINLIGINDA YUKSSK TEZLIKLI ZOND OLCMSLORI VO DOSTO-PLAZMA
QARSILIQLI TOSIRI

Plazmada ikigat elektrik tabagasindan anod tarafde ylksak- ve algaq tezlikli elektrik sahalerinin intensivliklerinin fazada
paylanmasi dlcilmisdiir. Olgmeler gosterdi ki, ikigat tebage potensialin ¢ox keskin deyisdiyi merkazi hisseden ve onu shate
edan, elektron va ionlarin ilkin sirsatloandiyi, atraf oblastlardan teskil olunub. Algaq tezlikli sahanin amplitudu ikigat tebaqgs
oblastinda kaskin maksimuma malikdir. Bu saha asasan ikigat tebagenin bitoviikde fluktuasiya xarakterli harokati ve
potensialin profilinin deyismasi ilo alagadardir. Yiksak tezlikli saha plazmanin elektron tezliyi yaxiniginda genis maksimuma
malikdir va ikigat tebagadan yiiksaek potensial tarafds, elektron dastasinin formalasdigi oblastda, lokallagmisdir.

Paylanma funksiyasinin takmillagmis iki zond Usulu ile dlglilmasi gostardi ki, elektronlarin enerciya gore paylanma funksiyasi
iki hissadan taskil olunub:

1. Demak olar ki, izotrop paylanmus istilik elektronlarina uygun hisse; 2. ikiqat tebagaden kegerken siiratlonarek deste toskil
eden istigamatlanmis hissa. Elektron dastesinin anod plazmasinda yiksak tezlikli regsler haysjanlasdirmasi hesabina 6z
enercisini siratls itirmasina baxmayaraq paylanma funksiyasi tam izotrop olmur, va 6zlnin istigamatlenmis xarakterini bitin
anod plazmasi boyunja saxlayir.
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BBICOKOYACTOTHBIE 30H/IOBBIE U3BMEPEHUS U IOKAJIBHOE ITYYKOBO-IIJIASMEHHOE
B3AMMO/JIEMCTBHUE BBJIM3H JJBOMHOI'O CJIOS

M3MepeHsl IPOCTPaHCTBEHHBIE PACHPE/EICHHs BBICOKO- U HU3KOYACTOTHBIX I0JICH Ha aHOIHON CTOPOHE OT JBOMHOTO 3JIEKTPUUECKOIO
cnosi. M3Mepenust mokasanu, 4To JBOWHOM CIIOW COCTOMT U3 LIEHTPAJIbHOM 4YacTH C OYEHb PE3KMM CKauyKOM IOTEHLMaNa, OKPYKEHHOM
001aCTAMH B KOTOPBIX 3J€KTPOHBI M HOHBI IPEIBAPUTEIBHO YCKOPAIOTCA. AMIUIUTYAa HU3KOYACTOTHOT'O MOJIs, BO3HUKAIOLIETO B PE3yJIbTaTe
MIPOJONBHBIX (IYKTYalIMOHHBIX MEPEMEIICHHH ABOMHOrO CIOS M M3MEHEHMH mpoduis moTeHnuana, MMeeT pPe3KHi MakcuMyM B 00JacTé
cioeB. BricokoyacToTHOE MOJE€ MMEET HIMPOK W MAaKCHMyM BOJHW3HM DJICKTPOHHOHM IIa3MEHHON YacTOTHl M JIOKAJHU30BaHO B aHOIHOM
mia3me. Ero MakcMMyM HECKOJIBKO CMEIEH OT ABOMHOTO CJIOS B CTOPOHY BBICOKOT'O IOTEHIHMANA, Tie¢ GOPMUPYETCs FIMEKTPOHHBIN ITyHOK.

Wsmepenns (yHKIMU paclpeneNeHUs yCOBEPIICHCTBOBAaHHBIM METOJOM [BYX 30HAOB IOKA3ady, YTO (YHKIUS paclpeeleHHs
UIEKTPOHOB COCTOMT M3 ABYX yactei: 1. COOTBETCTBYIOIIAs 3alepThIM TEIUIOBBIM 2JIeKTpoHaM U 2. [TyukoBoi yacTH, (OpMHUPYIOMEHCS IPU
MIPOXOXKACHUU IIPOJIETHBIX JJIEKTPOHOB uYepe3 IBOHHOW CIIOH. XOTs 3JIEKTPOHHBIH My4OK OBICTPO TEpsSeT SHEPrHi0 B aHOTHOH ILIa3Me Ha
B030Y>KIeHHE BBICOKOYACTOTHOTI'O T0JIsSI, PACIpeeTIeHHE HIEKTPOHOB MOJTHOCTBIO HE TEPMAIIM3YeTCs, U COXPaHsAeT HalpaBICHHbBIH XapakTep
BIUIOTH JI0 MOBEPXHOCTU aHOAA.
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