LEGIBILITY NOTICE

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein. |

1

LS
\\.



ORNL/tr--89/54

jve Ion Surface Plasma

Negat
source pevelopment for

Plasma Trap Injectors
in Novosibirsk*

vyu.I. Bel'chenko. G.I. Dimov,
V.G. Dudnikov and A.S. Kupriyanov

Institute of Nuclear Physics,
Siberian Branch, Academy of Sciences.
630090, Novosibirsk, USSR

Preprint 88-14 (1988)

Prepared for the

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831
operated by .
MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the
U.5. DEPARTMENT OF ENERGY
under Contract No. DE-ACO5-84OR21400

*Translated by LANGUAGE SERVICES.,

Knoxville, Tennessee “n

DE90 006082

DISCLAIMER

cmployees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
coce herein to any specific commercial product, process, or service by trade name, trademark,
mendation, or favoring by the United States Gavernment or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
United States Government or any ageacy thereof.

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

ASTER y

LiSTRICUTION OF THIS DCCUMENT IS UNLIMI



ORNL/TR-89/54

Abstract

Work on high-current ion sources carried ocut at the
Novosibirsk Institute of Nuclear Physics (INP) is presented.
The INP investigations on "pure plasma" plancotron and "pure
surface" secondary emission systems of H generation, which
preceded the surface-~plasma concept developed in Novosi-
birsk, are described. The physical basis of the surface-
plasma method of negative-ion production is considered.

The versions and operating characteristics of different
surface-plasma sources including the multi-ampere (> 10Aa)
source are discussed. Research on efficient large-area
(~102
The INP long-pulse multiaperture surface-plasma generators,
with a current of about 1A, are described.

cmz) negative ion surface-plasma emitters is described.

In systems with magnetic plasma confinement and acceler-
ators, the charge-transfer method of injecting fast particles
is widely used. 1In developing injectors of high-enerqgy atoms,
with energies greater than 100keV per nucleon, it is prefer-
able to empby stripping of accelerated negative hydrogen
ions, which easily lose the "extra'" electron in collisions
in a charge-transfer target and have a high, close to 1,
conversion coefficient to atoms in a wide range of particle
energies. In the last decade the intensity and volume of
research on negative-ion sources for charge-transfer injec-
tion has significantly increased.

At the Institute of Nuclear Physics, Siberian Branch,
Academy of Sciences of the USSR, work on H ion sources has
been carried out over more than two dec>des and was begun
in connection with the development of a m=z2t*cd of charge-
transfer proton injection into accelerator.. For charge-
transfer injection at the Institute, plasma sources of H~

ions of the Ehlers type, with a pulsed currcat up to 8maA,
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were developed, along with charge-transfer sources, initi-
ally with a current up to 15mA, and subsequently up to

100 mA. However, the characteristics of these sources

did not allow realization in full measure of the advantages
of charge-transfer injection, and did not guarantee their
wide use in accelerators.

The situation, as far as storing negative-ion (NI)
beams,was radically improved after the discovery and exper-
imental investigation of a new surface-plasma mechanism of
forming negative ions in gas discharges?'3 On the basis
of this surface-plasma mechanism a series of surface-plasma
sources (SPS) of H ions were developed for accelerators.

Most of all, the surface-plasma method has been suffi-
ciently efficient to initiate the development of high-
povwer negative-ion sources for the injectors of magnetic
traps for high-temperature plasma. In 1976-1986, the INP
carried out studies and created multiaperture surface-
plasma sources of negative ions with pulsed beam intensity
of more than 10A, and quasistationary SPS with a ~1A H~
beam

A large contribution to the development of SPS has also
been made by the national laboratories of the USA (Brook-
haven, Berkeley., Los Alamos, Oak Ridge, Fermilab), and a
number of laboratories in the Soviet Union, Europe and
Japan. These results have been reflected in the Interna-
tional Symposia on obtaining and neutralizing negative ions
and many other publications.

In this work we will dwell only on the results obtained
at the Institute of Nuclear Physics, Siberian Branch, Acad-
emy of Sciences of the USSR. Some results of this research

. . . \ -1
have been discussed in review art1cles§ 0

.
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Pure-Hydrogen Gas-Discharge Systems for NI Generation

Work on "gas-discharge" NI sources, with negative ions
generated in a plasma volume and subsequently eXtracted
from the gas-discharge chamber (GDC), was begun at the INP
at the onset of the sixties. An Ehlers-type source11 was
developed with a Penning geometry of the GDC from which a
pulsed H beam with a current up to 8mA was obtained.
Research was carried out on magnetron designs for NI gen-
eration, in which we hoped to obtain a better distribution
of electric field intensity in the plasma and a more favor-
able electron speed distribution for H generation. A
magnetron source with a cylindrical GDC geometry and a
thin wire cathode coaxial with the external magnetic field
up to 3kG was tested (Figure 1),
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Figure 1. Design of the cylindrical magnetron (a) and
potentlal distribution along the radius of the discharge
channel for different values of the magnetic field (b).

The investigations showed that the plasma potential distri-
bution along the radius of a discharge channel (Figure 1b)
with a large anode drop is favorable for driving H™ ions
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from the plasma in the extraction region. From the
cylindrical magnetron a pulsed (lms) H beam was ob-
tainea with a current up to 7mA through an emission gap
of 10xlmm. The optimal hydrogen pressure for output of
H™ ions had a value of 7x10+%cm?3
With the idea of increasing the efficiency of electron
use in the discharge and decreasing the exit speed of
electrons from the plasma to the anode, a design was
created with a flat "spool-shaped" cathode - the planotron
(Figure 2). The side projections of the cathode limited
the exit of primary and secondary electrons to the anode;
in the space between the side projections of the cathode
electron oscillations occur along the force lines of the
magnetic field. 1In order to create in the area adjacent
to the emission gap an anodal plasma with a reduced density
and electron temperature, special anode flanges (Figure 2)
were installed, the height and shape of which vere varied.
Extraction of NIs took place across the emission gap,
oriented perpendicular to the magnetic field; the width
of the gap (along the magnetic field) varied in the range
0.1-3mm. For such an orientation of the emission gap the
flux of accompanying electrons, extracted along with the
NIs due to electron withdrawal on the lateral wall of the
emission gap, decreased ten times. Thus, if in the cylin-
drical magnetron with a longitudinal emission gap of 10x1
mm, for an H ion current of 7mA, the flux of accompanying
electrons had a value of 250mA, then in one of the first
variants of the planotron with ‘ ~shaped anode flanges
(Figure 2), an H beam with a current intensity of 4.5ma
and a flux of accompanying electrons of 16mA was obtained
across a transverse emission gap of 0.5x10mm.



ORNL/TR-89/54

Figure 2. 2n early modification of the planotron: 1-
spool-shaped cathode; 2- electron oscillation zone;
3- -shaped flanges; 4- zone of electron drift cutoff.

By designing the shape of the magnetic polar terminals
in the zone of NI extraction, an inhomogereous magnetic
field was generated, so that upon supply of a negative
voltage to the body of the GDC to pre-accelerate the NIs,
the accompanying and secondary electrons cannot oscillate
in the extraction gap, but immediately are dumped onto
the grounded extracting electrode or the polar terminals
of the magnet. Use of such an inhomogeneous magnetic
field, preventing electron accumulation, allows a dramatic
improvement in the electrical stability of the extraction
gap and permits investigations of the extraction of H_
ions for different cathode and near-anode geometries
of the discharge area in a wide range of magnetic field,
hydrogen densities and sizes of emission gaps.

Results of these studies and data on obtaining a H
beam of intensity up to 22mA with an emission current
density up to 27OmA/cm3 were partially presented in Ref.13.
The optimum geometry was established for the near-anode
region (height and distance between anode flanges), and the
energy spectra of the H ion beams obtained were studied.
H™ ions were detected which were formed by charge transfer
of fast protons on the cathode surface; however, an over-
whelming portion of the H ions had an energy correspond-
ing to the anode potential. The high H ion current den-

sity testified to the increased sveed of K <-rmation in
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the plasma volume}4 The ambiguity of the mechanism for
such intense H ion generation in the pure-hydrogen regime
of planotron discharge increased the value of the experi-
mental information; therefore the majority of the new
cesium-hydrogen surface-plasma H sources created at the
INP were also studied in the pure-hydrogen regime. Thus,
at the end of 1972 experiments were repeated on extraction
of H ions from a pure-hydrogen discharge in an improved
planotron source for comparison with the cesium-~-hydrogen
regime?’l4 It was observed that on decreasing the width
cf the plasma discharge layer to 0.5mm and with a thicker
and more massive (with a lower working temperature) cathode,
the output of H ions grew over a wider range of discharge
current. From an emission gap of 0.4x5mm, a beam of H
ions was obtained with an intensity of 15mA and an emission
current density up to 0.75A/cm2 for a discharge current of
150A (Ref.2,3 - dashed line in Figure 2, Ref.14, p.2573).
Upon increase of the width of the emission gap to lmm
(length of 5mm) the H beam grew to 32mA; however, the
emission current density decreased somewhat to 0.64A/cm
due to stronger NI disintegration on the gas emerygent
through the emission gap. If the flat central part of
the cathode was removed from the planotron in general, the

2

total H ion current was decreased. However, thanks to
the proximity of the "lateral" cathodes to the emission
gap the emission current density of H ions in such a mod-
ified (Penning) geometry reached O.4-0.5A/cm2.

Such a high emission current density of H ions as 0.75
A/cm2 vas hard to interpret in the framework of existing
models and information at that time on elementary processes
in a plasma for the most optimistic assumptions on the
discharge parameters in a planotron.

The maximum H ion outflow from the planctronz and
Penning sources in the pure-hydrogen regime was three

times lower than in the cylindrical magnetrza ar.d source
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with a thin cathode1 and a density 2x10160m_ of hydrogen
molecules. This fact testifies to the high rate of genera-
tion of H ions for low H, densities, and to the suppression
of this mechanism (or the strengthening of additional
channels of H decay) for increased H, admission to the

GDC.

At the end of the seventies interest in pure-hydrogen
systems of H ion generation grew in connection with exper-
imental confirmation of the prediction of Demkov (1965) on
the manifold increase in formation cross-section for
negative ions upon dissociation of vibrationally-excited

molecules by electron impact17:

e+ Hyv")=~Hi ~H~ +H.

Several plans were realized for generating H ions in
hydrogen discharges through vibrationally-excited hydrogen
molecules; various modifications of bulk generators of H
ions were worked out, including one with a NI current up
to 1.2A of 0.2s duration?

Moreover, the emission current density of H ions
achieved in such bulk generators was several times lower

than those obtained from the pure-hydrogen regime SPSs

even in 1972?

For full-scale confirmation of the efficiency of
surface-plasma sources in the pure-hydrogen regime,

experiments were carried out at the INP in 1987 on H
ion.extraction from a multiaperture SPS with a large
emitter surface and a half-planotron cathode geometry.

NI extraction was carried cut with the aid of a multi-

gap extracting electrode through a multigap or multihole
system of emission apertures in the anode (Figure 3).

The emission of H ions was investigated in the regime of
short (0.8-3ms) and long (up to 0.6s) pulses. An external
1-3kG source magnetic field separated the beam of extracted

7
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H™ ions from the heavy impurity ions 0, OH , Mo , etc.,
and from the electrons, very well.

A high-current glow discharge of voltage 500-600V
(after conditioning at 300-400V) was maintained in the
extended narrow gap between the flat cathode and the
anode for a hydrogen density no less than 6x1015cm"3.

As in the rest of the half-planotron constructions, to
ensure ignition of the discharge at such a low pressure,
an ignition region was made on one end of the cathode,
with lateral projections increased up to 3mm and improved
electron confinement. From the ignition region, by drift
in crossed poles, the plasma exits into the interelectrode
gap. As in the source of Ref.2, an anode slot was formed.
The dependence of the output of H ions from the pure-
hydrogen (PH) regime of a multiaperture half-planotron

on discharge current is presented in Figure 4. 1In the
range 50-200A of discharge current the H ion output

grew linearly. For a discharge current of 600A (an aver-
age discharge current density at the cathode of 60A/cm2)

a beam of H ions was obtained from five emission gaps of
0.8x52mm with an intensity of more than 1A and an average
emission current density up to 0.5A/cm2. The total ex-
tracted NI current had a value of 1.2A; however, up to

17% of the beam consisted of heavy impurity ions.

The extraction of a H ion beam through five circular
holes of 0.72mm diameter showed that in the pulsed regime
such a source achieves an emission current density up to
1.1A/cm? of H™ ions.
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Figure 3. Multiaperture Figure 4. Dependence of H
half-planotron. ion output on discharge

current in the pure-hydrogen
regime of a multiaperture
half-planotron.

Trials of this source in the long-pulse regime showed that,
aside from electrode heating up to 800C, a uniform high-
current glow discharge has the same characteristics and
preserves the ability to emit H ions with a high emission
density right up to discharge currents of 90A and duration
0.6s. Further progress was limited by the systems used to
supply the discharge current.

For extraction through 90 emission apertures the H
ion current increased linearly with discharge current and
for a discharge current of 90A reached 150mA at the begin-
ning of the pulse. Toward the end of the 0.6s pulse, the
H ion output decreased to 100mA due to electrode overheat-
ing.

In contrast to the planotron of Ref.2 and the source
with reflecting discharge of Ref.1ll, the cutput of H ions
was maximum for minimal hydrogen input into the discharge
and a hydrogen molecule density of 6x10150m_3, several times
less than in Ref.2 and 11. Other relationships}anot charac-
teristic of "bulk" sources, were also observed. Thus, the
output of H ions was maximum at the optima. ele<trode
temperature (750K for the cathode, 600K for :the anode).

9
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Variation of the temperature by + 100K from the optimal
led to a 30-40% reduction in H ion output. Upon using

a honeycombed cathode (Figures 10,11) the H ion output

in the PH-regime depended substantially on the positions
of the emitter holes relative to the geometric foci of the
spherically-concave cathode holes. Thus, the output of

H ions from emission holes at the points of geometric
focus of a lune was 5-6 times larger than from holes situ-
ated far from geometric foci. The facts presented testify
to the substantial contribution of surface processes to H
generation even in PH-regimes of SPSs. However, in PH-
regimes, due to the high electrode work function,a small
part (~1%) of the primary intensive flux of gas-discharge
particles "converts" immediately at the cathode to NIs.

In this regime a large part of the reflected and sputtered
parcvicle flux from the cathode flies off in the form of
fast neutral particles.

Fast atoms can "convert" to H ions upon collisions
with plasma particles and on the walls of the emission
holes. 1In addition to the excitation of molecules by elec-
trons, iast atoms (like protons) can efficiently pump up
the vibrationally-excited degrees of freedom of molecules
and, consequently, increase the rate of NI generation in
the bulk discharge.

Besides direct conversion to H ions, the electrode
surfaces in PH-discharges can be intense sources of vibra-
tionally-excited molecules, from which H ions are sub-
sequently formed in the plasma volume. The high content
of molecular ions in the particle flux incoming on the
hydrogen-enriched near-surface cathode layer is favorable
for the process of pumping vibrationally-excited molecules
on the surface}9 According to our measurements 60-70% of

the ion flux on the cathode consists of H; and H; ions!8

10



ORNL/TR-89/54

Due to the small thickness of plasma between the cathode
and the emission holes fast vibrationally-excited molecules
from the cathode and the H  ions formed at them can exit
to the emission region almost without decay.

On the whole we can say that even in the PH-regime of a
SPS intense NI generation takes place due to interaction
of plasma particles with the cathode surface.

Surface-Plasma Sources with Hydrogen-Cesium Discharges

During 1969-70, attempts were undertaken at the INP
to increase the negative-ion output from gas-discharge
sources by feeding the discharge hydrogen-containing
molecules with lower dissociation energies than H2 or
molecules with an ionic bond for which the threshold of
H  ion formation is less than for H2' In particular,
supplying the discharge with diborane, lithium hydride,
and cesium boron hydride was tried. At the same time
research was conducted on obtaining H ions by secondary-
emission methods Work carried out showed that under
bombardment of metal surfaces by cesium ions in a hydro-
gen atmosphere the coefficient of secondary emission ¢f
H™ ions increasedzgo 0.8 for an H emission current
density up to 10mA/cm2. Experiments were conducted on
cesium introduction into gas-discharge sources and in
1971 it was observed that upon admission of small quant-
ities of cesium-containing material into the gas-discharge
chamber of a planotron (Figure 2), the output of H ions
increased from 4.5 to 15mA. In subsequent experiments an
increase in H output was observed with a decrease in
thickness of the plasma layer between cathode and emission
holes and with a decrease in hydrogen densi:v, as well as
a saturation of this output with an increase in plasma

density. All this allows us to suppose that intense H™

11
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ion fluxes from a plasma are due to emission of these ions
in the discharge from the cathode surface and travel to the
emission hole without decay.

An optimization, based on this version, of the geometry
and discharge process led in 1972 to an increase in H 1ion
current density from the emission gap to 3.7A/cm2 for a
total current in the hundreds of mAz. These values were
anomalously large for gas-discharge sources of that time.
Experiments carried out on the energy spectra of the ions
flowing from the source, analysis of the dependence of NI
output on the material of the cathode surface, its profile
and the distance to the emission gaps, experiments with
discharges in helium with hydrogen admixture, all allowed
formulation of the subsequent concept of a surface-plasma
mechanism for forming negative ions in gas discharges?'15

The surface-plasma mechanism is realized in gas dischar-
ges and plasma installations if the following set of pro-
cesses is ensured (Figure 5).

Near the electrode surface a layer of dense plasma is
generated. Between the plasma and the electrode, a voltage
in the hundreds of volts is applied, which accelerates the
positive ions of the plasma and provides intense bombardment
of the electrode surface. 1In the layer near the surface of
the electrode a dynamically maintained structure of implanted
and adsorbed atoms is created. Suach an electrode effective-
ly "converts" the flow of incident ions into a reverse flow
of fast particles reflected and sputtered from the layer.

12
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Figure 5. Schematic of surface-plasma generation of
intense secondary tluxes; to the right, the distribution
of potential in the interelectrode space.

The high speed of the particles leaving the surface
(1-100ev)} favors a higher degree of negative ionization
of the flux flying off, even if the affinity of the atoms
for the electron is lower than the work function of the
surfacez. A fast particle "withdraws" an electron at its
level of electron affinity due to the kinetic energy im-
parted to it upon bombardment. Introduction into the
plasma (or directly through the pores of the electrode)
of a catalyst of negative-ion emission - alkali metal
vapor22 - decreases the work function of the surface. As
a result the probability of NI formation approaches unity
for a work function of 1.5eV and an electron affinity of
0.75eV, and allows one to obtain intense fluxes of "almost
unobtainable” negative ions with a low electron affinity,

such as H , Li  and others, by the surface-plasma method.

General Properties and Characteristics of SPSs with a
Reduced Electrode Work Function

The establishment of a dominating surface-plasma

mechanism for intense NI generation in discharges with

13
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reduced electrode work functions allows one to "deliberatelvy"
build SPSs with the necessary characteristics. Different
modifications of SPSs have been developed and investigated.
In the planotron, half-planotron, modified Penning and
multiaperture SPSs cited23’24'26 the NI emitter is the
cathode of a high-current glow discharge. In SPSs with

an independent plasma generators’zs'26 the gas-discharge
plasma is fed onto the surface of a specially prepared NI
emitter under a negative potential.

To reduce the work function of SPS emitters, cesium is
primarily used, fed from an external evaporator through
holes or pores in the emitter surface. Upon cesium supply
to the discharge, several working regimes of SPSs are real-
ized, differing in the discharge voltage, the intensity of
H™ icn generation, and the level of fluctvations in the
discharge. The effect of emitter surface activation, con-
sisting of a significant increase in the coefficients of
secondary electron and negative-ion emission upon electrode
treatment by a hydrogen plasma27, was observed and investi-
gated. As a result of a similar activation in a hydrogen-
cesium SPS discharge, a structure is formed on the cathode
from implanted hydrogen and cesium; the work function is
1.3-1.4eV. Maintaining the optimal cesium coverage of the
emitter in conditions of intense bombardment enables fast
cesium ionization in the near-electrode plasma and its
recovery by the electric field on the emitter. Direct
measurements of the fluxes of ions and atoms of cesium
through diagnostic holes in the cathode and anode of the
SPS showed that the flux of cesium atoms returning to ihe
cathode reaches 1-10% of the total ion current on the
cathode, whereas the transport of cesium through the
emission gap during the discharge is insignaficant?8

SPS emitters are usually prepared from especially pure

14
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molybdenum, which because of the favorable mass relation-
ship "traps" cesium ions well from the incoming flux and
ensures stable cesium coverage with a low work function
in a wide range of doses and bombardment energies?'29
The most effective NI generation is in processes when

the plasma is ignited by the molecular ions8 H! and HY

Upon a fast impact on the surface the moleculai ion d?s-
sociates, and in further motion in the near-surface layer
twice or three times the number of particles with lower
energies participates. As a result the coefficients of
reflection, sputtering of adsorbed hydrogen and negative-
ion emission from the surface grow.

The degree of negative ionization of particles leaving
the cesium-treated molybdenum surface, IH—/Iout’ has the
high value of 0.2-0.7 in a wide range of particle depart-
ure speeds from the surface from 106-107cm/s?1'30’31
In conditions of intense bombardment dynamic "activation"
of the cathode ensures a high coefficient of H secondary
ion emission, IH-/I+ 2 0.5-0.8, on the scale of the
incident positive ion. A "deliberate" optimization of NI
generation conditions permitted increases of intensity
obtained from SPS H beams up to 0.9A3, and later even up

to 11a%¢

In the energy spectrum of emitted NIs there are several
groups of H ions. The faster ions, having been formed by
reflection of primary particles from the emitter, are
barely noticeable in the energy spectra for activated SPS
electrodes (peak III in Figure 6). Due to the large angu-
lar scatter of the ions of the "reflected" component after
preacceleration of the NI flux by the near-electrode voltage
drop and transport through the plasma, only a fraction of
the "reflected" NIs enter in the region of Leoem formation?3

15
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In the regime of activated SPS electrodes H ions dom-
inate in the beam composition, having been formed as a
result of hydrogen sputtering from the near-surface
emitter layer (peak II, Fiqure 6).

Figure 6. Oscillogram of the energy spectrum of negative
hydrogen ions from the planotron SPS (lower ray).Upper ray-
scanning voltage 90~ of the electrostatic analyzer. I-

"anode" group; II - "sputtered" NI; III - "reflected"
H ions.

The group of slow H ions (peak I on Figure 6) contains
H™ ions formed as a result of resonant charge transfer on
atoms in the near-anode region and on the walls of the
emission holes. Resonant charge exchange in the slow
H  ions allows one to significantly reduce the energy
spread of H ions extracted from the SPS and increase the

sharpness of the H ion beam for accelerator applications.

l6
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Figure 7. Decrease in gas flux
from the emission gap for in-
creased discharge current for
two half-planotron regimes. The s
location of the hydrogen intake & B0
is far from the emission gap; . .
the H supply is minimized. 0 50 100
I .4

1.3 Ug 200 v

10® mol/cmz—:

1,0

a

In planotrons and Penning SPSs the minimal density of
hydrogen molecules necessary to sustain a self-maintaining
discharge in the narrow elogated interclectrode space has
the value (1-3)x1015cm_3 and depends on the value of the
external magnetic field and the GDC geometry. In similar

SPSs with a dense (= 1013cm_3) plasma, a cutoff effect for

molecular hydrogen in the GDC was observed?4 Due to the
evacuating and cutoff action of the plasma layer, the mole-
cular component of the hydrogen from the SPS decreases by
20-90% from its initial value (Figure 7) upon ignition of
the high-current discharge. 1In particular, for large
discharge currents in a SPS with a planotron geometry, up

to 30% of the lLydrogen leaves the emission gap in the form

of negative ions?4

Due to the "cutoff" of cesium in the region of the near-
electrode voltage drop and on the emitter surface, cesium
is hardly carried out of the SPS; this ensures good elec-
trical stability of the extraction system and of the H~
ion beam acceleration and is not an obstacle to the normal
operation of the high-voltage circuits of the H injectors?’5
In optimal conditions for H generation the consumption of
cesium in planotron SPSs has the value 3x10'3g/A-hr.

SPSs with an Independent Negative Ion Emitter
In 1973 it was noted that external injecticn c? a rlasma

on an emitter with an independently controlled n=sgative

potential, relative to the plasma, was a possible means of

17



ORNL/TR-89/54

generating negative ions in an SPS (Ref.15, p.74). In
1976-77 experiments were carried out on an SPS with
independent plasma generation and an independent emitter
(IE)? A Penning cesium-hydrogen discharge with full
cathode (Figure 8) which in itself was an efficient sur-
face-plasma H ion emitter and permitted one to obtain NI
beams with emission densities up to 2A/cm? was used as a
vlasma generator. Inclusion of a negative shift on the
IE, approximating a plasma layer, doubled the H output;

the H  emission current density achieved from the SPS had

a value of 5.4A/cm?

bDue to the efficient cutoff of gas and cesium in the
full cathodes of the high-current Penning discharge the
gas efficiency of such a SPS was anomalously high (<50%),
so that the source operated normally in the vacuum chamber
upon removal of the anode cover (Figure 8).

aduld ¢ Iogh
ho independent 3 IE
catn de\emltter anode
2t {150
. ’/’—”' l.,
anod 0 30 €0 =%
le
cover uIE v
Figure 8. Surface-plasma source Figure 9. Dependence of
with an independent emitter. The the "reduced" (on the
plasma generator is a Penning scale of the emitter
discharge with full cathodes. current) H ion output

(left scale) and the
current on the emitter
(right scale) on the
independent emitter
voltage.

To reduce the IE work function additionally cesium was

supplied in the IE region from an external evaporator or

18
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from tablets placed in the body of the IE. However, the
"recovery" mechanism for the cesium sputtered from the
IE surface was less efficient; the electric field in the
plasma did not provide a quick recovery of cs® ions on

» plasma boundary in contact with the IE. None the
less, on the surface of the weakly activated IE, up to
3% of the current was successfully "transformed" into
the H  beam (Figure 9). The current recorded in the
emitter circuit was basically ionic (up to 90%). The
larger part of the secondary electrons knocked off the
IE surface were returned to the IE by the magnetic field
and did not generate a current in the emitter circuit.
For an increased supply of hydrogen or cesium in the IE
region a self-maintaining discharge was ignited; the
electronic component of the IE current increased, and
the ionic decreased. Correspondingly, the efficiency of
NI generation on the IE surface decreased. In optimal
conditions when the IE was O.lmm from the edge of the
plasma layer limited by the magnetic field and the volt-
age on the IE was near 100V, the ionic current on the
emitter was about a sixth of the current of the basic
discharge (Figure 9).

In the present SPSs with an independent emitter a
more substantial part of the emitter current is success-
fully transformed into an H beam. Notwithstanding the
incomplete collection of negative ions formed on the IE
surface in the SPS with the peripheral magnetic field,
the steady-state extracted H beam of 1.25A current is 5%
of the current in the IE current3§ which is due to higher

content of molecular ions in the current on the IE.
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SPS with Geometric Focusing of Negative Ions

With the goal of more complete collection of negative
ions formed on the SPS emitters, sources were tested with
a concave surface, in which NIs accelerated by the "concave"
layer of the near-electrode voltage drop were geometrically
focused on the emission gaps or holes (Figure 10). 1In
1978, geometric focusing (GF) of a negative ion flux was
experimentally accomplished with a cylindrical-concave
cathode surface on a narrow emission gapl(.s'26 In 1982 a
SPS was developed with two-dimensional geometric f:cusing
of NIs emitted by spherically-concave surfaces of special

lunes on the cathode?3

The close-packed arrangement, with
partial overlap, of the lunes on the cathode surface of such
a SPS had a "honeycomb" structure. We note that, basically,
H™ ions formed upon sputtering of the "hydrogenated" near-
surface layer, having a small energy and angular spread, are
geometrically focused. From the honeycomb SPS with a useful
cathode area of 10.6cm2 a beam of H ions of current up to
4A was obtained through a muitihole extraction system, with
an average H current density in an extracting . .p of 0.5

A/cm? The local current density in an emission hoie of the

honeycomb source reached BA/cm? Use of GF raises the
energetic and gas efficiency of the SPS and allows reduction
of the power density on the cathode. 1In particular, in a
honeycomb source with spherical GF the efficiency of dis-
charge current conversion into an H beam reached a value

of IH_/Id ~ 5% for an average thermal load on the cathode

of lkw/cmz.

As noted in Ref.9, surface-plasma sources of H ions
with ion focusing in emission holes conform rather well to
a simple similarity law coming from the ccnsiticis of
propagation of the H ions through the plasma: ith a simi-

lar increase in the dimensions of the source and the volume
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occupied by the plasma, the average current density of

extracted H ions falls directly in proportion to the

linear dimensions (the gas efficiency should not vary).
The similarity rule mentioned allows, due to the reduc-

tion of negative ion current density, a reduction in heat-

ing and electrode sputtering. In the steady-state regime
it is not difficult to achieve heat removal from the
electrodes of up to 1kW/cm2. From this point of view it

is safe to obtain H ion beams with density cf order
IOOmA/cmz.

More detailed factors influencing the efficiency ~f
geometric focusing in SPSs are analyzed in Ref.37.

emitter

Figure 10. Design for geometrical focusing of a flux of
negative ions with a concave cathode surface on the
emission gap or hole.

Multiaperture SPSs with Increased Emitting Surface

Even in the first modifications of the SPS it was
observed that the NI output from a discharge was propor-
tional to the area of the emission holes. Sources were
tested with a useful emitting part of the cathode of
6x40mm, with emission gaps of dimensions up to 3x30mm§

There was no doubt that the surface-plasma mechanism
of NI generation was capable of working iv :ras-discharge

systems and with large emitting electrode s.irfaces. 1In
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197926 a multiaperture SPS was developed with a half-
planotron GDC geometry and one-dimensional geometric
focusing, and a usable cathode emission surface of 9cm?

NI extraction took place through 5 emission gaps of a
total area of 2cm? The "reduced" average H current
density from the cathode had a value of O.SA/cmz, and

the total extracted H ion current was up to 4A.

In 1983, a multiaperture SPS with a honeycomb electrode
geometry and a usable cathode surface of 54cm2 (Figure 11)
was created. By means of geometric focusing of NIs from
600 spherically concave lunes in the cathode on the
emission holes the total area of 4cm2 of the honeycomb
SPS provided a H beam of total current greater than 11A
with an average current density in the beam up to 180mA/cm?

auxiliary cathode anode
cathode Hy Cs

o
IsSSISE

extractor

Figure 11. Multiaperture honeycomb source.

Upon investigation of such SPSs with increased cathode
area, there appeared a definite activation effect of the
separate zones on the surface upon treatment by the hydro-
gen-cesium discharge. The influence of such an effect is
shown in Figure 12, where the distributions of H ion
current density from sections of the discharge differing
in length of interelectrode spacing, for uniform cesium
supply to the discharge, are pictured. At the beginning
of the discharge in the hydrogen-cesium regime, the dis-
charge is "attached" to the ignition channel, and guickly
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decreases according to distance from it. The corresponding
distribution of current density is also nonuniform along
the length of the emission gap (curve 1). During 15
minutes of pulsed operation of the discharge the initial
section of the cathode 0-1.5cm is activated; a part of

the discharge current is redistributed from the ignition
channel to this section (curve 15); after 25 minutes of
operation the discharge completely activates the initial
section 0-1.5cm; however, on the sections 2-5cm the density
of discharge current and H ion output are low. If at the
26th minute the discharge current is increased from 80 to
1207, then after a subsegquent 15-20 minute activation the
zone of uniform discharge combustion is expanded (:-urves
40 and 45); at the 45th minute a decrease in H generation
is noted in the initial region, the 1-3cm segment becoming
more active. Further, on increase of the discharge current
to 500A, the active zone on the cathode surface is widen=d,
and shifts in the direction of plasma drift from the igni-
tion channel. The distribution of plasma density along the
length of the interelectrode gap established as a result of
"self-activation" for uniform supply of the working material
in the discharge, and the analogous distribution of H ion
current density are distinctly inhomogeneous (Figure 13).
To compensate the drift of the active region and to improve
the distribution of the emission current density several
methods can successfully be used, including profiling the
supply of cesium and hydrogen in the discharge. In Figure
14 we show the variation of distribution of plasma density
in different regimes of working substance supply. On
supplying additional cesium to the discharge (the location
of maximum supply is marked by the arrow) and decreasing

the supply of hydrogen in the region 13-1&cm, the discharge
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is maintained basically in the zone 6-13cm (curve II in
Figure 14). After including forced supply of cesium and
increasing the hydrogen supply in the tail of the discharge
for small discharge currents, additional activation of th=:
zone 9-12cm appears distinctly (curve III in Figure 14).
Upon increase of the discharge current to 500A , the
9-17cm part of the cathode is activated (curve IV).

Profiling the hydrogen and cesium supply in the discharge
ensures uniform combustion of the discharge and uniform
emission of H™ ions over the whole cathode area?4

Another method of uniform activation of the cathode and
compensation of the active zone drift was tested with the
help of an auxiliary discharge. In this method, an addition-
al cathode was installed near the ignition region of the
basic cathode (Figure 11). TJInclusion of a pulsed auxiliary
discharge with a current up to 40A improved activation
of the initial part of the cathode (Figure 15). With an
auxiliary discharge and a "self-activated" cathode the
discharge current and H ion current (lower ray l in the

oscillogram of Figure 15) from the initial part of the
source are small.
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Figure 12. Distribution of Figure 13. Distribution_of
H 1ion current density along plasma density n_ and H ion
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region at the beginning of along the gas-discharge
the cathode: 1, 15, 25, 40, interval as a result of
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by the discharge. At 26 and cesium.
minutes the discharge
current is increased from
80 to 120 A.
n* rel.units
1Y 3
6t ot
=
=
4 E} A2
1IN
5 ™ 3
2 | R 1 ’
/ ; 1
RN s
0 g . \k‘L 1 1025 ms
. —
0 6 12 18
L , cu
Figure 14.Shift of the active Figure 15. Influence of an
zone as a result of forced act- auxiliary discharge on H~

ivation by profiling the supply current density in a

of cesium and hydrogen:I-"self- yeakly-activated zone
activated" zone for uniform (L = 2cm).

supply of hydrogen and cesium;

II-distribution of plasma density along the interelectrode
space upon forced supply of cesium and hyidrogen; l.I-upon
uniform supply after forced activation;I-11iI:122A discharge
current; IV- after forced activation, 300A discharge current.
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Upon inclusion of an auxiliary discharge the NI current
grows (ray 2). After a 10-minute pulsed activation and
inclusion of an auxiliary discharge the H current density
in the initial part of the source reaches a new level of
more intense generation (ray 3 in Figure 15).

In Figure 16 we show the stable maintained distribution
of H current density from a multiaperture honeycomb SPS,
obtained after 1.5 hours of activation with the aid of
an auxiliary discharge of 25A current. Another successful
method was uniform activation of the cathode surface by
partial plasma recovery from the tail of the discharge

along a drift cutoff channel in the ignition channel
(see below).

Quasistationary SPS Models

In 1985 trials were carried out of honeycomb SPSs in
the long-pulse (up to 0.6s) regime?8 Construction of one
of the models applied is shown in Figure 17.

=, rel.units

I
o_. - PO P
0 6 12 I8
L ,cx

Figure 16. Distribution of H current along the length of
the source after a 1.5- hour forced cathode activation by
an auxiliary discharge. The current of the basic discharge
is 500A; of the auxiliary, 25A.

To reduce pulsed overheating the cathode was made more
massive and compressed air was passed throwch it zlecng
internal channels. The emitting surface of the cathode

was covered by spherical holes with a radius of focus of

3.5mm. The holes were arranged on the catle -2 suxfau2 in
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a hexagonal or orthogonal ordering. The number of holes
in the different variations ranged from 97 to 100. For
more uniform activation of the cathode surface, a portion
of the plasma along the drift cutoff channels (Figure 17)
was recovered from the tail section of the discharge in
the ignition channel. The operating substance - hydrogen
and cesium - was supplied to the discharge through shaped
thin slits in the body of the cathode. Extraction of the
H™ ion beam was carried out through round emission holes
of diameter 0.8-0.9mm.

A steady-state extracting voltage up to 18KV was applied
to the body of the source. Extraction by a packet of short
pulses of lms in length, of repetition frequencies up to
100GHz, was also applied. After a short period of treat-
ment and heating the extracting electrode up to 800C, the
difficulties with electrical stability of the extracting
gap did not arise.

It was observed that in the regime of activated electrodes
and uniform distribution of discharge current over the
cathode surface, there exist several stable discharge modes,
differing in the discharge voltage, discharge structure,
and level of NI generation.

CS [} HZ .
drift
cathode b CutOff
—~ channels
heater —
. — anode
cooling
)

oSN

o
Joca %**extractor

Figure 17. Model of a honeycomb SPS with electrode
cooling and with electron drift cutoff channels.
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The output of H ions is maximum for a discharge
voltage of 150-130V (fundamental regime). 1In the
intermediate regime with a discharge voltage of 60-
40V the output of H was two times lower. Upon tran-
sition to the low-voltage mode of self-maintained
discharge of 30-20V, the H output from the source
decreased by a factor of 10 (for the same discharge
currents). The low-voltage mode was observed upon
electrode overheating.

A summary of the parameters of the models of honey-~
comb SPSs with orthogonal and hexagonal distribution of
holes on the cathode for the fundamental regime is

presented in the table38:

Arrangement of Holes Ortho Hexa
H™ ion beam current, A 0.9 0.6
Beam energy., kevV 14 18
Pulse length, s 0.2 0.6
Total area of emission holes,cm2 0.6 0.5
Beam cross-section in the ion- 2x5.5 2x6.6
optic systenm, cm2

Average density of H current 60 40

in the beam, mA/cm2

Discharge current,A 50 60
Cathode temperature, C to 800 to 600

Conclusions

Research and development carried out at the Institute
of Nuclear Physics, Siberian Branch, Academy of Sciences
of the USSR, resulted in beams of negative hydrogen ions
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with a current intensity greater than 11A in the pulsed
regime and of the order of 1A in long-pulse regimes for
hydrogen-cesium SPS discharges. The basic problems of
maintaining the surface-plasma mechanism on emitting sur-
faces of large area are solved by forced cathode activation
with an auxiliary discharge or by drift cutoff channels.

A quasistationary operating regime of such SPSs is
successfully maintained by cooling and cathode thermo-
stabilization.

Pure-hydrogen SPS regimes generate pulsed H ion beams
with a 1A current and emission current density up to 1.1
A/cmz. In the quasistationary pure-hydrogen regime an H~
beam with current up to 150mA is obtained.
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Note:

Expression in brackets [ ]* represents translator's
best guess for meaning of abbreviation.
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