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New properties of vacuum discharges in magnetic field with unconventional discharge gaps at low pressure up to

high vacuum are briefly described. Both single- and multi-charge ion sources may be developed on basis of such new

discharge modes. Such ion sources may have advantages in comparison with conventional ones. The main advantages

are the long lifetime due to the absence of filaments and arc spots, high energy and gas efficiency due to high plasma

electron temperature. The development of the discharge research and recent results are discussed.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

It is known that ion sources have very low power effi-
ciency as compared to energy necessary for ionization.
Also in addition powerful ion sources are featured by
short lifetime. Such features of ion sources are largely
depend upon one another. It is related to proper-
ties of electric discharges used for ionization. With
increasing of a discharge power and accordingly ex-
tractive current it is necessary to increase pressure of
ionized gas or vapour and to apply additional means
such as heated cathodes for increasing the current of
a discharge (magnetic fields and also high-frequency
fields). It is noticed at the same time that the most
power efficient of sources without cathode spots is
observed in the vicinity of the low bound of pressure
of the discharge initiation [1]. It was known before
only one type of the discharge the maintenance of
which is possible at the most lowest pressure. It is
magnetic insulated glow discharge [2]. However, such
discharge has relatively high voltage of initiation at
low pressure (~ 10? V and more) that is unacceptable
due to considerable energy spread of an extracted ion
beam. Nevertheless at relatively high pressure the
sources of such type (gas-magnetron and Penning)
found wide enough application. As a result of long-
term researches were discovered which differ substan-
tially from traditional magnetic insulated discharge.
These properties allow hoping to increase power and
gas efficiency of sources substantially and to increase
their lifetime.

2. DESCRIPTION OF NEW MODES OF
THE DISCHARGE

2.1. Magnetic insulated discharge with an
additional high-frequency feed

The electrode system of such discharge is like the
Penning and differed only by an additional hollow

anode. An additional anode can have the same
design as the first one is placed along direction
of the magnetic field axially with the first one.
The plot of such discharge gap is shown on Fig.1.
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Fig.1. Double Penning vacuum cell with additional
RF supply

If both anodes are fed by identical positive potential
relatively to flat cathodes then such system has the
same properties as the ordinary single-anode Penning
cell with the large height of an anode. However, if
anodes are fed by relatively small radio-frequency
voltage of tens of volts then properties of the dis-
charge are changed substantially [3-5].

e The voltage of the discharge initiation decreases
an order of magnitude.

e The application of alternating voltage to an
already initiated discharge increases the dis-
charge current by an order of magnitude.

e The current of the discharge has maximum
value depending on pressure.

e The discharge goes out and not passes to the
arc with increasing of pressure.
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These properties specify on high efficiency of ion-
ization processes in such system that has to provide
high power efficiency. The possibility of maintenance
of the discharge at low voltage will allow decreasing
energy spread of extracted beam. Low energy of ions
bombarding cathodes will allow increasing the life-
time of the source. Table shows the increasing of the
discharge current due to affect of relatively low al-

ternating voltage. It should be noted here that in
the gas-discharge ion sources based on the Penning’s
discharge the ion beam current is proportional to the
discharge current at high enough extracting voltage.
The model of similar source was developed and tested
at low currents. It has the ratio of the beam current
to the discharge current of 2.5%.

Discharge current increasing by applied radio frequency

DC voltage, | RF voltage, | Frequency, | Pressure of | The current | The current | Increasing
A% A% MHz Nitrogen, Pa mA with RF, mA ratio
700 50 5.28 0.01 0.081 0.156 1.9
250 90 13.56 4 4.8 48 10(1)

Thus, one may hope to achieve ion currents of a
milliampere order in the mode corresponding to the
bottom line of the Table.

2.2. Secondary-emission discharge in cross
fields

The possibility of maintenance of such discharge
is not related with the presence of gas in a discharge
gap. An electron cloud hold by set of electric and
magnetic field generates electrons with an excess en-
ergy. Bombarding a cathode these electrons provide
the considerable secondary emission [6]. Electrons
can be extracted across the magnetic field under ap-
plication of the high-frequency electric field of a split
anode as in RF magnetron with a cold, secondary-
emission cathode providing transformation of energy
of a constant field to a high-frequency field. Electrons
may be also extracted from a discharge along the
magnetic field providing the generation of powerful
electron beam as in a magnetron gun with secondary
emission [7-9]. There is a deep high-frequency modu-
lation of electron beam at certain conditions [10-12].
Thus, frequencies of generation may be in a frequency
range, where the effect of increasing of ionization effi-
ciency under application of the high-frequency field is
observed [11]. At the same time, in a difference to the
first discharge type additional actions are needed for
the discharge initiation. The discharge should be ini-
tiated by creating preliminary a dense electron cloud
in the cross fields.

3. RESULTS OF RECENT EXPERIMENTS

During first experiments with a magnetron gun in
the secondary emission mode the excitation of the
self-sustained emission was achieved due to a falling
of a voltage pulse [7, 8, 11]. Thus, the amplitude of
the pulse should exceed tens of kilovolts for provid-
ing of the excitation. Beam current at such voltage
values achieved tens of amperes. So high power is
unacceptable and so high voltage is uncomfortable
for many ion sources. The possibility of excitation of
such discharge was recently tested due to the small
increasing of pressure in a vacuum system [13]. In
such conditions characteristic for ion sources a self-
sustained secondary emission discharge is excited at
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considerably lower voltage of units of kilovolts. Thus,
the electron beam current is 0.1...10 A.
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Fig.2. Operating gun

The picture of operating gun is shown with track of
beam on a fluoresce screen on a Fig. 2. It should be
noted here that in case of not enough cleared and de-
gassed electrodes such discharge passes easily to arc
mode when voltage in a discharge gap falls and the
generation of electron beam is terminated. This situ-
ation is illustrated on the Fig.3,a where oscillograms
of collector current and gun voltage obtained, on the
upgraded installation "Rassvet” [13] are shown.
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Fig.3. Oscillograms of the operating gun
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One may see on the figure the sharp growth of the
collector current determined by the value of a pro-
tective resistor. At the same time the gun voltage
is decreased sharply. As the current and voltage are
negative, the y-axis is directed downward. Heating
up of cathode by an internal heater to the tempera-
tures about 400°C' during few hours with subsequent



cooling off and discharge training results in suppres-
sion of an arc mode development. This is shown on
the oscillogram (Fig.3,b). The pictures of the hollow
beam on the luminescent screen for the same mode
were taken on the installation "Rassvet” (Fig.4,a).
As in a number of applications such hollow beam
can appear unsuitable, the focusing system, allowing
transformation of a hollow beam into continuous one,
was used. The spot of the continuous beam is shown
on the Fig.4,b.

Fig.4. Beam traces

A storing condenser of small capacity was set to avoid
the damage of the luminescent screen by high energy
pulses. For the magnetic field creation the permanent
magnet with the magnetic field strength of 0.037
was used here in a difference from the installation
"Rassvet”. The gun together with the magnet was
set in a glass chamber. The insufficient magnetic field
did not allow exciting a secondary emission discharge
at so low pressures as in the installation ”Rassvet”.
The pressure was increased approximately up to
3 Pa in order to get discharge excitation. At this
point we detected the excitation of intense high-
frequency oscillations with frequency about 10 M H z
and magnitude up to 5A in the collector circuit.
The corresponding oscillogram is shown on Fig.5.
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Fig.5. High-frequency oscillations

The presence of bipolar oscillations on the collec-
tor indicates an origin of dense enough plasma in
vicinity of the collector. The electron current in sim-
ilar case must be of single polarity. High-frequency
modulation of the beam in a magnetron gun was

observed before [10, 12]. Besides, the supposed am-
plitude of the beam current is lower substantially
than the collector current. Therefore, the intense
build-up of oscillations takes place in plasma. The
frequency of these oscillations corresponds to the
mode of excitation of waves, absorbed intensively by
plasma. These frequencies are well absorbed by in
gas-discharge plasma put in a magnetic field. Such
phenomenon was noticed both in our experiments [4,
5] and in later works [14-16]. Here one has not only
injection of electron beam, ionizing gas, but also the
excitation of oscillations of plasma and heating the
last one by these oscillations. Thus, transition of the
energy from a beam to plasma becomes considerably
more effective. It will allow reducing operating pres-
sure of a filled gas and increasing plasma electron
temperature. All of these will increase the degree of
ionization and efficiency of ion source. Decreasing
the pressure and increasing the length of the beam
interaction with plasma with corresponding increas-
ing of beam power, and also increasing magnetic field
it might be possible to obtain the effective generation
of multicharge ions.

4. PROBLEMS IN REALISATION OF THE
PROPOSED CONCEPTION

Structurally an ion source with such an operation
principle can be of the same design as one of the
most wide-spread sources with oscillating electrons,
or a source with ionization by electron beam. It is
sufficient to apply corresponding voltage to a device
that is similar to the gun test installation. Ions can
be extracted along magnetic field direction through
holes in a cathode or in a collector. The extraction
of ions is possible across magnetic field direction. A
choice will be depend on required parameters and a
function of a source. However, cathode emission in
such source will not demand heating up of the cath-
ode and gas or vapour injection in to space in vicinity
of the cathode for the neutralization of electron space
charge, in to limiting a current. Therefore, the design
may provide such admission or pumping-down so that
a cathode could be in a high vacuum and its disper-
sion both thermal and ion would be suppressed. All
these means will provide the generation of plasma
with high temperature of electrons and with desir-
able element composition. For the realization of such
source the set of problems should be solved:

e Excitation of Secondary Emission Discharge;

e Suppression of arc excitation;

Increasing of pulse duration;
e Beam compression;

e RF generation control;

Control of gas or vapour input;

Plasma stability.
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The part of these problems is successfully solved
during the described experiments. Thus, the ways
of their solving are outlined in the developing ion
sources.

5. COMPARISION OF EXISTING ION
SOURCES AND DISCUSSION

The proposed conception occupies the intermediate
position among the set of types of ion sources. The
presence of electron gun moves it to the electron-
beam sources [17-18] differed only by the type of an
electron gun. The possibility of excitation of high-
frequency oscillations and transition of their energy
in to plasma moves it to high-frequency sources [14-
16, 19-21]. It will be differed by simple design from
last ones. Ion sources utilizing gas-discharge plasma,
in particular, are difficult for calculations. Therefore,
the choice of parameters and sizes of designs is often
determined by the operating experience of ones with
similar operation principle and parameters. There-
fore, it is necessary carefully to study the experience
of the developing and operation both electron-beam
and high-frequency sources before the development
of ion sources on the indicated principles. Foremost,
those high-frequency sources that have close parame-
ters of frequency plasma excitation. The so-called
gelicon sources [14-16] presenting one of the most ad-
vanced directions in development of ion sources be-
long to them. The possibility of operation at very
low pressures and the cleanness of generated plasma
will close in them with other advanced direction of
sources on electron-cyclotron resonance [20, 21]. A
difference will be the simplicity of design and the ab-
sence of rigid reference of operating frequency to mag-
netic field. The large efficiency due to low efficiency
of corresponding microwave sources of high-frequency
feed with a very small wavelength may become an-
other difference. All these conditions will provide the
cheapness of production and operation of ion sources
on the proposed principles. Recently achievement of
current level up several kilo ampere was reported for
the secondary emission mode in cold-cathode mag-
netron gun [22]. It was at voltage up to several hun-
dred kilovolts. This current and electron energy may
be enough for transferring of all elements up to heav-
iest to pure (singled) nucleuses.
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HOBBHBIE PE2KVMBI BAKYYMHOTI'O PA3PAZIA B MATHUTHOM ITIOJIE KAK
OCHOBA IJ14d 9®PEKTUBHOM '’EHEPAIIIN NOHOB

C.A. Yepenuwuxos

KpaTko onrcanbl HOBbIE CBOMCTBA BAKYYMHBIX Pa3psIOB B MATHUTHOM IOJI€ C HETPIUITUOHHBIMU Pa3ps/I-
HBIMH TTPOMEXKYTKAMHU [PU HU3KUX JABJIECHUSX BIUIOTH J0 BBICOKOrO BakyyMa. Ha 0a3e Takmx HOBBIX pe-
2KUMOB Pa3psjia MOTYT OBITH CO3MAHBI MOHHBIE MCTOYHUKH, BKJIIOYAd MCTOYHUKNA MHOTO3aPSIHBIX HOHOB.
Taxune nOHHBIE UCTOYHUKN MOI'YT UMETH IIPEUMYIIECTBA 10 CPABHEHUIO ¢ OOjiee TpaJaunuOHHbIMU. [J1aBHBIE
IPENMYIIEeCTBa: OOJIBITON CPOK CIyKOBI OJIaromaps OTCYTCTBUIO HUTEH HaKaJia M KATOJHBIX MATEH; BHICOKAST
SHEpreTuvecKasi u ra3obasi 3((PEeKTUBHOCTH OJ1aromaps BBICOKOI 3JIEKTPOHHOU TeMmiieparype riasmbl. O0-
CY2KJJAIOTCS HOBBIE PE3Y/IbTAThl aBTOPA U PA3BUTHE MCCJIEJOBAHUN pa3psia.

HOBI PE2KIIMU BAKYYMHOT'O PO3PS/1Y B MATHITHOMY IIOJII 9K OCHOBA
J1J1d E@EKTUBHOI TEHEPAIIIT NOHIB

C.0. Yeperuwuros

CTuciio onmcano HOBI BJIACTHBOCTI BaKyyMHHUX DO3PSJB B MAHITHOMY TOJI 3 HETPAUIIHHAMUI PO3PSITHU-
MU IIPOMiKKaM# IIPH HU3BKOMY THCKY aXK JI0 BHCOKOro Bakyymy. Ha 6a3l Takux HOBHUX DPEXKUMIB PO3PSIILY
MOXKYTh OyTH CTBOpEHI iOHHI JizKepejia BKJIIOUAIOYN JXKepesa Oararosapsauux ioHiB. Taxi ioHHI mKepesa
MOXKYTh MATH I€pEBard MOHaJ OLIBIN Tpaauiiiauvu. [0JI0BHI IlepeBaru: BeJIMKW TEPMIiH CJIyKOU 3aBIdKN
BIZICYTHOCTI HUTOK PO3KAPIOBAHHS 1 KATOMHUX ILISIM; BICOKA €HEPTeTHIHA 1 ra30Ba eDEKTUBHICTD 3aBITKI
BUCOKilf eJIeKTPOHHIN Temmeparypi miasmu. OOGroBoprOIOTHCS HOBI pE3yJIbTaTH aBTOpPa i PO3BUTOK JOCJIIJI-
2KEHb PO3PSALY.
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