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ABSTRACT

Experimental and simulated data on surface NI
formation are reviewed. Efficiencies of backscat-
tering and ion induced desorption leading to NI
production are discussed. Effects of NI secon-
dary emission enhancement due to plasma "acti-
vation" of surfaces or due to simultaneous
bombardment of electrodes with various particles
("synergetics") are interpreted. NI production
efficiency for cathode or anode electrodes of
pure-hydrogen and hydrogen-cesium discharges, as
well as “for special emitter surfaces, contacted
with gas-discharge plasma, are compared. It is
shown, that one of the surface-plasma channels of
NI production, i.e. a low energy atom bombardment
is effectively realised both in a regular sur-
face-plasma sources, as well as in cesiated
"volume"” sources developed recently.

@ Institute of Nuclear Physics

INTRODUCTION

The necessity to increase the energy of neutral beams
for injection into the thermonuclear devices up to 1-1.5 MeV
level requires to use the multiampere beams of Negative Ilons
(NI) at the acceleration stage. At present the development
of the high-current stationary NI sources are carried out in
two main directions. |

In the surface-plasma sources (SPS) the NI production is
realized on electrodes being in contact with the
gas-discharge plasma. The electrodes or special emitters
with a lowered work function are used in o - fer - the
enhancement of NI production. As a rule, the small adding of
cesium into discharge are used in SPS, which allows one to
obtain a manifold increase in the luminosity and intensity
of the SPS produced NI beams [1-3].

In the "volume" sources NI are formed directly in
plasma. An observation of the intense channel of NI

production via the vibrationally excited molecules [4] makes
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it possible to improve the volume sources deliberately and
to go over to the ‘elaboration of multiampere stationary
models [5-7]. Recent studies have shown, that the efficiency
of two-step NI production in plasma volume via the
vibrationally excited molecules, which increases nonlinear
with the growth of plasma and molecular hydrogen densities
in the discharge, is limited at the relatively low level
by the intense destruction of NI by plasma and gas.

A significant improvement of the "volume" sources
characteristics has been obtained recently due to adding the
small amounts of cesium into the discharge [8, 9]. As it has
been shown, the processes of surface NI formation dominate
in the "volume" sources with the adding of cesium or barium
(10, 11], similar to those in SPS with the NI production on
the anode surfaces and on the emission slit walls [12, 13].
The direct comparison of the characteristics of "pure-
hydrogen" volume sources without cesium and "volume" sources
with the small adding of cesium convincingly proves the high
efficiency of the surface-plasma channels of NI production
in hydrogen-cesium systems and additionally increases the
interest to the surface NI formation processes.

A survey of the surface processes, which are relevant
for NI production in the various SPS modifications and in
the anaiogdus "volume" sources with the small adding of
cesium is given below. The processes of NI formation due to

the impact desorption and due to the reflection of particles

are considered both for the well-defined conditions and for
the case of the plasma particles interaction with the sur-
face of electrodes, which is more typical for SPS and for
cesiated "volume" sources. The efficiency of the NI produc-
tion on the cathode and anode gas-discharge surfaces, as
well as on the surfaces of the specially-prepared emitters,
contacted with gas-discharge plasma, is discussed. The NI
production efficiency in cesiated SPS is compared to that in
the pure-hydrogen ones.

The investigations of the NI production on gas discharge
surfaces with the use of cesium catalysis are carried out
during last twenty years and were stimulated with the
development of the surface-plasma methode of NI production.
Most of the results have been published in the "Proceedings
of the Brookhaven Symposiums on the production and
neutralization of NI " [14-18]. The reviews on the surface

processes of NI formation were given in [12, 19, 20].

I. NEGATIVE ION FORMATION IN THE CASE ¢>S

The negative ions with a low electron affinity S can be
efficiently produced on the surfaces with a work function
©>S mainly due to the processes of non-equilibrium NI.
Secondary Emission. Under the non-equilibrium NISE the
emitting NI overcomes the additional near-electrode barrier
-S due to the Kkinetic. energy, acquired in the non-

equilibrium process. The non-equilibrium pro-cesses of ions
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and atoms reflection from the surface, and adsorbate or
substrate sputtering (desorption) by ions, atoms, electrons,
photons may lead to the NI emission under ¢>S conditions.
The efficiency of the NISE processes is conveniently charac-
terized by the NISE Coefficients R and Y, and by the Nega-
tive Ion Fraction (NIF) of the secondary particles B;, ,8;,
defined by the regular portions: R_=I;/Ii= B;-R; Y-=I;/1i=
:B;-y‘, where I -incident flux, Ir,Is-reﬂected and desorbed
NI fluxes, R, Y ~-integral coefficients of particle
reflection or desorption.

Sometimes the efficiency of NI production in gas-
- discharge conditions is characterized by NI yield F‘-'=1‘/1;,
normalized to an incident ion current I":, where the NI
production by neutrals is not included: or by the efficiency

of '"conversion" K of dis-charge current Id into an

extracted NI beam k = I_;’Id.

The reflection R and desorption Y coefficients are de-
pendent of a number of parameters as a mass, energy and an
angle of incidence of bombarding particles, on substrate
type and structure, on an adsorbate thickness ets. The NIF
of secondary particles is determined by electronic exchange
between the surface and outgoing particle. In the case @>S
the NIF value depends on the particle outgoing velosity v
and is very sensitive to the surface conditions: the work
function and density of electronic states ne at the Fermi

level.
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NEGATIVE ION FRACTION

The direct measurements of the B value during the
reflection of hydrogen ions from the cesium-covered surfaces
of mono- and polycrystalline tungsten and from barium were
carried out at FOM-Institute.

[t has been experimentally proved, that at the outgoing
velocities of the particle 4% less than the velocities of
electrons on the Fermi level in the metal, and at not too
grazing incident angles, the NIF value is independent of the
prehistory of the process, namely, of the energy, incidence
angle, and thé charge state of the primary particle, but is
fully defined by the removal velocity o and by the
characteristics of the proper surface layer ¢ and n, [21].
Fig.l shows the experimental values of NIF obtained for the
monocrystalline tungsten coated by the optimal cesium
coverage [22] and the data for barium [23] vs the particle
outgoing energy Ei. NIF has a high value (>0.5) in spite of
the unfavourable relation ¢ = 2S for the W-Cs surface at the
outgoing energy range ELE 2-8 eV. At the optimal velocity
e 3-10rjr m/s it reaches the values of B = 0.67.

The values of B = 0.3-0.2 were observed in the case of
reflection from the surface with the structure W-H-Cs formed
by the consecutive adsorption of hydrogen and cesium on the
tungsten surface [24). The relatively high values of g =
0.1-0.3 were observed for hydrogen reflection from the thick

barium layer with a higher work function ¢=2.5 eV and with
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the increased, in comparison with cesium, electron density

n [23]. The solid lines in Fig.l show the calculated NIF

e

values obtained with the help of probability model by the

ad justment of fitting parameters.

NEGATIVE ION PRODUCTION BY BACKSATTERING

Energetic Hydrogen. Formation of NI by hydrogen and

deuteron ions backscattering from alkali metal and cesiated

surfaces was studied by LBL group [25]. The energy of

incident particles varied in 0.15 - 4 keV range. It was
Fig. I. Negative ion fraction of hydrogen backscattered from W —Cs and Ba found, that backscattering NI yield R has a larger value
st for the alkali metals with a larger atomic number and lower
2 100 work function of the surface. During the collisions with the
E é— surface the molecular ions H;, H; {D;, D;] dissociate and
E 2l ‘&‘P(EV) give the two or three times greater yield of H (D) ions,
E i \*L_._*_. 2,48 than the ions H' ,D with the corresponding equivalent
T 107'E 10 eemtm—e 180 . ’ .
& - %.gg energy. Fig.2 shows R dependences on the equivalent energy
E # if"#iﬂ‘l of the primary D; ions, incident normal to nickel-cesium
l:‘ 1_0“2; 3//49'72 surface [25]. The figures to the left of the curves denote
= E 2//3.32 the number of cesium portions, injected to nickel. The
i 3 figures to the right denote the corresponding change of the
E 10‘31- 1% [ diiw soal Ni-Cs surface work function. For optimal cesium coverage on
;f: 9 0.2 0.4 0.6 nickel (¢ = 1.6 eV) R reaches the value of =0.14 D per

inci deut d 21 sli diminished '

Nikident ‘Shetey (5eVdeutiton) incident euteron an 1S ightly iminishe with an
o _ 3 increase in the primary ions energy within 1704350
Fig. 2. Backscattered D~ yield. Cs —Ni bombarded by D3 ions.
eV/deuteron range. The extrapolation of these data to the



region of lower primary ion energies 100+20 eV/deuteron with
the use of MARLOWE code gives greater values of R = 0,2 -
- 0,26 D~ per incident deuteron [26] (to points in Fig.2).

For the low cesium coverage on nickel the R value
increases with the energy of incident particles (Fig.2). For
the pure nickel surface NISEC has a value R =0.1%2 at the
energy of the primary ions D; 170 eV/deuteron and increases
1.5 times due to small cesium coverage of =~0.1 monolayer.

In the case of grazing incidence of hydrogen ions the
particles reflection coefficient is greater. The values
R =0.35 H per incident nucleon were detected for the
hydrogen ions with an energy 400 eV/nucleon and 82° incident
angle with respect to the normal to W-Cs surface (p=1.45 eV)
[29]. 5

The cited high values of R~ 0.2¢0.3 may be realized in
the reflection of fast hydrogen ions and atoms from the
surfaces of cathodes, anodes or special emitters, covered
with cesium and biased negatively relative to SPS plasma

with the potential 100-200 V.

LOW ENERGY ATOM BOMBARDMENT

NI production by low energy hydrogen atom bombardment of
cesium or cesiated surfaces was studied in several papers
[27-29]. The thermal hydrogen atoms flux with the current

st 6 -
density 101‘1—1(}1 cm z-s was created due to the

dissociation of hydrogen on the surface of tungsten tube
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heated up to 2500-3000 K. It has been found, that only the
atoms in the tail of the Maxwellian distribution can produce
NI. For a thick cesium surface (p= 1.9 eV) the efficiency of
NI production was about K =R +Y = 1.5-10"" ions per incident
hydrogen atom. For the oiptimal sesium coverage on molybdenum
(p=1.6 eV) the efficiency of NI production was greater and
increased in the range K = 2:107%-3:10"° with the growth of
the dissociator temperature in the interval 1700-2200 K

(29]. If one takes into account only the atoms with energy

‘greater, than 1 eV in the primary particle flux, the larger

value of K~ = 0.04 H per incident hot atom corresponded to
the Ni production efficiency values, obtained for Mo-Cs
surface. The value K = 2-10_2 H per incident atom and
recalculated value K =~ 0.3 H per incident atom with
energy higher, than 1 eV, were obtaingd for cesiated silicon
surfaces (¢ = 1.45eV) [29].

The values K =~ 0.01-0.3 may be realized due to the
irradi-ation of cesiated anode and "plasma" electrodes of
ion sources by the fluxes of low energy atoms and ions from

hydrogen plasma.

NEGATIVE ION PRODUCTION BY IMPACT DESORPTION

There are physical and chemical desorptions with
different nature and efficiency exist. The physical
(knockon) desorption takes place at the particle energies

greater, than the threshold value, and is stipulated by the
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kinetic energy transfer from the incident particle to the
adsorbate atoms. The chemical desorption is stipulated by
the chemical reaction, caused by the incident particles. As
a result of this reaction unstable or volatile compound is
formed on the surface leading to the particle emission. The
chemical desorption may occur up to thermal energy of
incident particles and increases under the irradiation of
the surface by electrons and photons. In the gas-discharge
the desorption takes place mainly due to ions and atoms,
while the desorption due to electrons and photons is several
orders of magnitude lower [30].

Desorption by heavy particles. The measurements of the
relative yield of H ions during the impact desorption of
the Mo-H-Cs structure,created by consecutive adsorption of
hydrogen and cesium on the molybdenum surface were carried
out in [32]. The primary Ne' ions with the energies of 150
and S00 eV were incident to the surface with the angle 45°.
Fig. 3 shows the variations of the desorbed H yield in
dependence on the change A¢ of the Mo-H-Cs surface work
function. Initially the work function decreased due to the
injection of the cesium portions, reaching its minimum ¢=1.6
EV;at the optimal coverage ecf 0.6-0.7 of monolayer, and
increased with further cesium injection up to the value
¢ = 19 eV corresponding to the thick cesium film. The
exponential growth of yield Y (Fig.3) is stipulated mainly

by changes of "electron” properties of the surface and
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corresponding NIF changes. The T“activation" loops are
observed near to the optimal and at the thick cesium
coverages (Fig.3). At the equal work function values NI
yield was 1.5-3 times greater for higher cesium coverage.
Such a behaviour is probably stipulated by an increase in
the impact desorption coefficient Y itself and may be caused
by the decrease in binding energy of hydrogen atoms with a
surface in the case of the thick cesium coverage.

The absolute value of H yield, induced by the impact
de;.aorptiran with cesium ions was measured for Mo-H-Cs surface
created by the simultaneous adsorption of hydrogen and
cesium on the molybdenum [33]. With the energy of incident
cesium 1ons EGEZD{] eV, attainable for regular SPS, the
detected NISEC had a value Y =0.02. For the lower cesium
energy 150 eV, NISEC had a value Y =0.003. Such a small
efficiency of the hydrogen desorption by low energy cesium
ions is stipulated by low energy transfer from the primary
cesium ions and from knocked-on molybdenum atoms in binary
collisions with hydrogen: EHE 0.7-1.5% Eg.

For the desorption by cesium ions with an increased
energy Ef’ 300 eV and current density j+ > lif4 .JL‘m:m2 from
Mo-H-Cs structure, created by the coadsorption of hydrogen
and cesium from a gas near the surface, the detected value
of Y and Y yields may be limited by the low rate of
hydrogen and cesium delivery to the surface [34-36]. The

greater Y values were observed at the optimal current den-
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sity of the incident cesium ions [36], for hydrogen feeding
through the pores in emitter [34], or in the case of the
preliminary irradiation of the surface by hydrogen plasma
[35]. In the last case NISEC had value of Y = 1.2-1.45 at
the energies of the primary cesium ions 1.-1.7 keV. This was
2-3 greater, than Y values observed under the optimal
conditions for hydrogen and cesium coadsorption from a gas
[34, 36].

The dynamically stable Mo-H-Cs coverage with the low
work function ¢ = 1.6 eV is established on the Mo-surface
due to the bombardment with the low energy cesium ions
(45-150 eV) [37]. Under the optimal conditions in
gas-discharge SPS the share of cesium ions reaches 5-10% of
the total ion. current to cathode. Under the increased
discharge voltage 200 V the NI desorption by cesium (Y =
0.02) even for the hydrogen-enriched electrode selvage may
give small contribution <27% to the desorbed from the cathode
H flux. In the multipole SPS the contribution of the cesium
desorption may be more significant with the higher potential
(300-400 V) of the specially prepared convertors with
respect to plasma [38].

Desorption by hydrag.en particles. For the low energy of
primaries <10° eV, desorption of hydrogen by light ions and
atoms is more efficient, then that produced by heavy
particles. The calculated cross-section of deuterium

desorption from adsorbate on nickel has a value of
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1.5-1.2+10."2  em” [30] for the energy of hydrogen particles
50+500 eV/nucleon, this is in a good agreement with the
experiment [39]. In the particular case of stainless steel
covered by deuterium (8D= 2+10" atom/cm®) the desorption
yield ¥ =~ 0.72 atom/ion has been detected, or ¥ = 0.24
atom/nucleon when using primary H5 ions with an energy 330
eV/nucleon.

An increased energy of the particles, desorbed by light
ions is favourable for their negative ionization. A computer
simulation shows [40], that for the energy of incident
hydrogen atoms of 300 eV, more than a half of particles,
desorbed from the hydrogen on the nickel, has an energy in
the 20-40 eV range.

Fig. 4 shows the computer simulations data both for the
desorption yield Y and for H™ yield Y [41]. The impinging
protons were incident normal to the surface of the amorphous
molybdenum, éaturated with interstitial hydrogen -and covered
by optimal cesium film. The stoichiometri.c formula of the
target was MDiHi’ the corresponding surface hydrogen
coverage 7-10'" atoms/cm®. The H~ yield Y, calculated for
the desorption is slightly changed with an increase of
protons energy in the range 25-300 eV and has a value Y «
6-8% (Fig.4).

Fig.4 also shows the calculated values of the reflection

coefficients R and R for the reflection of hydrogen from

MoH-Cs structure. In the tested range of proton energy
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calculated R  values are =3 times greater, than the
corresponding values Y for the desorption by protons.

NISE efficiencies data are listed below for various SPS
particles with normal incidence to the cesiated molybdenum

surface are listed in table.

Table

NISE Efficiency Data for Variuos SPS Particles
with Normal Incidence to Cesiated Molybdenum

Energy, eV|Particle Process K =1 /"Ii, %
" Reflection Gi = B
10100 H
Desorption 6 - 8
R 07 2018
H+
i Al
R 50 - 45
100 - 150 H;
D 1E 14
R 15 = I
H,
D 2.0 S B |
150 - 200| Cs’ D 0,3 -2
e e PiDp 4= a1y

Electron- and photon-stimulated desorption. Electrons
and photons may excite the electronic states of the adsorbed

particles, providing their connection with the remaining
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ensemble, and transfer them to the repulsing states. The
features of  electron-stimulated desorption (ESD) are
discussed in review [31]. These comparative investigations
of ESD of H, D ions-and their emission during the
bombardment by cesium ions were carried out in [42]. The
studies of ESD were conducted during the coadsorption of
residual gas molecules (p = 22310, Pa) and potassium on
the moly. ESD of H ions became manifold stronger for the
optimal potassium coverage on the moly. The mass-spectrum of
electron-desorbed and cesium-desorbed NI differs
significantly. Mainly the negative ions of hydrogen and
deuterium are emitted due to ESD, whereas the impurities of
O, OH, C etc. are preferably desorbed during the ion
bombardment [42].

Under the -"pure" conditions the efficiency of ESD of
atoms reachesﬂ the wvalues Y_=5-1D-? atom/electron, whereas
the effici-ency of emission of ions Y- = 102 Y [31]. The H
yield with intensity of 10 A was obtained by laser
irradiation of NaH target with Cl‘:lzwlaser pulse energy 6J

and pulse duration 200 ns [43].

II. NEGATIVE ION PRODUCTION ON SURFACES
IN THE PLASMA ENVIRONMENT

The efficiency of NI formation in single events of
bombardment may be high, but it cannot guarantee an

efficient production of intense H fluxes. Fortunately, an
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intense NI production with an average conversion k:_=I_/I; =
0,12-0.17 was obtained in several modifications of SPS under
"dirty" gas-discharge conditions and an intense bombardment
of the electrodes [12, 13].

The "efficient” NI yield per incident positive ion had
rather high value F =0,8 [12]. It clearly demonstrates that
NI production efficiency may be higher under gas-discharge
conditions than. in separate processes under well-defined
conditions.

Activation of Surface NI Production by Plasma. The
effects of plasma on surface NI production enhancement were
observed. An additional reduction of the electrode work
function caused by plasma activation of electrode it was
found. Activated by hydrogen-cesium discharge Cu-electrode
had the work function ¢=1,38 eV [44]. This value was lower,
than that reported for optimum coverage of Cs on Cu.

The fueling of the electrode selvage with a plasma
increased the efficiency of H desorption 2-3 times compared
to maximum values, obtained with other ways of fueling
[34,35]. Both effects of the work function lowering and of
the desorption yield increase by plasma fueling can enhance
the NI production in SPS.

Synergetics. The 10-fold enhancement of NI production
during the simultaneous hydrogen and heavy ion bombardment
of cesiated electrodes was found by Seidl et al [45] and by

van Os et al [46].] n the absence (or at low level) of heavy
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ion bombardment the efficiency of H production caused by
the only hydrogen ion bombardment had the substentially
other hand, the only heavy ion

lower wvalue. On the

bombardment had low efficiency, so the simultaneous
bombardment produced H yield higher, than the sum of the
individual processes, It seems that an optimal (5-107% of
total incident current) heavy component is necessary for
removing of an excess in cesium coverage of surface and for
activation of the surface by sputtering some contaminations
(oxides, carbides) from cesiated electrodes.

The resulting NI Yield K= Y +R per incident ion with
the energy of 200 eV had the higher value K =0,31 under
optimized synergetic bombardment conditions [45]). This value
was similar to the peak value of K = 0,37, measured during
bombardment of cesiated molybdenum by hydrogen ions from

gas-discharge plasma [47].

III. EFFICIENCY OF NI PRODUCTION IN SPS

A number of SPS modifications are developed for accele-

rator and fusion injector usage. Pulsed multiaperture

honeycomb SPS produces the H beams with the intensity of up
to 11 A and pulse gas efficiency =20% [48]. H current
density in the emission holes of SPS exceeds 8 A/cm® [49].
SPS with modified PIG geometry delivers the H beams with

the highest luminosity ~10° A/cm® rad® [S0]. The "“conver=-
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sion" of discharge current into SPS produced H beams had
the value k = 17% for grooved semiplanotron SPS [13].

High parameters of SPS are provided by the effective
surface processes of NI production in plasma environment and
by plasma ensured an intense electrode bombardment,
"self-extraction” and transport of surface-produced NI [12].
Several elementary processes involved in NI production on

the cathode, anode and special emitter surface of SPS.

“Relative contribution of individual processes and efficiency

of NI production depends on the SPS geometry and discharge
mode. Schematic view of several SPS modifications with
specific surface-plasma channels of NI production are shown

in Fig.5.

SPS WITH GEOMETRICAL FOCUSING

In the advanced SPS with geometrical focusing (GF) of NI
the H yield are increased by concaving the emitting surface
of cathode and by focusing of the emitted NI with a concaved
near-electrode electric field. SPS with one-dimensional GF
utilize grooved cathodes and longitudinal emission slits
[S1, S2]. SPS with two-dimensional GF use spherical cathode
concavities and round emission holes [57, 58]. The desorbed
and low energy reflected NI fractions are focused better
during the post-acceleration with near-electrode electric
field due to it lower energy and angular spread. It was

clearly demonstrated by measurements of energy and angular
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Fig. 5. Schematic view of several SPS. [ — semiplanotron, II — PIG, IIT —
hollow cathode PIG with independent emitter; A — anode, C —
cathode, E — emitter, B — magnetic field, O — emission orifice.
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Fig. 6. The energy composition of H ~ from honeycomb SPS : a — emission
hole at GF point; b — emission hole far from GF point.

22

spread of surface produced NI [53] and by measured
composition of NI beam extracted at various positions of
emission hole relative to GF point [54].

There are there main groups of NI extracted from a
honeycomb SPS (Fig.6). The first H  group had an average
energy =60 eV relative to anode potential and was generated
mainly due to fast hydrogen atom reflection from the
cesiated emission hole walls. The second H~ group with an
average energy =175 eV was generated due to desorption from
the cathode. With the standard position of emis-sion hole at
GF point about 80% of H extracted were produced due to
desorption from the cathode (at the temperate level of SPS
discharge current). The third H group with an average
energy 240 eV was generated due to reflection from the
cathode.

The average conversion of discharge current into
cathode desorbed H ion yield for pulse mode of honeycomb
SPS was s:';: 27% The measurements of cathode current cCompo-
sition indicates that at discharge current density =10 A/cm”
approximately 307 of current to the cathode consists of
positive ions and relations between the positive components

are; IH+ : IH: : IH; : ICS+:3i3:3:1+

Tal«:ingLinm account the permeability u of c;athode pro-
duced NI flux through the emission hole and plasma layer
(¢=0,3 in this particular case [41, 54]) it is possible to

evaluate the effective desorption yield, normalized to
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number of nucleons in incident positive hydrogen ion flux:
Y=~ 0,1 H per incident nucleon.

This rather high value of the "effective" desorption
yield on cathodes of SPS must be corrected by including into
the incident flux a number of fast hydrogen atoms, reflected
from the opposite parts of gas-discharge chamber and
returned to cathode with typical for anode reflected 'H
group energy (Fig.6). An average hydrogen nucleon reflection
coefficient from molybdenum cathode has value RNxO,ﬂf—{},é.
After the second reflection from the anode approximately RE
part of fast hydrogen nucleons returns to cathode and
increases an incident nucleon flux 15-35% of charged
particle flux. So, an efficient desorption yield, normalized
to incident fast hydrogen nucleon flux for cesiated
molybdenum cathodes of SPS has the value Y = 0,07+0,08 H
per incident hydrogen nucleon.

H ions produced by desorption with Cs ions have the
lower energy spread and better permeability through the
emission hole. But relatively small amount of Cs' ions
compared to a number of hydrogen nucleons and lower value of
hydrogen desorption by cesium seems produced negligible
direct contribution of Cs' ions into observed canthode
desorption yield (in this particular case).

The efficiency of NI formation due to reflection of
fast hydrogen particles from cesiated SPS cathodes can be

estimated by comparison of the concave cathode "desorption"
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data with the H emission from flat cathodes. In the case
of a large flat cathode surface and small emission slit
with thin walls the transmission of reflected and desorbed
NI fractions had the same value. The conversion of discharge
current density into the cathode produced H current density
for: T14t - cathode had the maximum value k = 0,17. The dif-
ference between this k value and the corrected "“initial"
desorbed fraction contribution E; = rs:;/u = 0,06 will present
a contribution of reflection x:;if—“ 0,1 into the cathode NI
production. At the listed earlier relative value and compo-
sition of positive jon current to the cathode it gives for
the normalized reflection yield from SPS cathode the value
R = 0,13-0,15 H per incident hydrogen nucleon. The total
efficiency of NI production due to reflection exceeds the
desorption NI yield under SPS discharge conditions.

An efficiency of the cathode and anode NI production
and its relative contribution into the SPS H output can be
found from the dependencies of extracted NI vyield on
discharge current. A number of such dependencies [50] are
shown in Fig.7 for the groove semiplanotron SPS with
different emission slit geometries (curves 1-6) and for PIG
version of SPS (curve 7).

The sharp initial growth of H beam current in dis-
charge current range 0-30 A of Fig.7 caused mainly due to an
increase of cathode NI production processes. With an

increase of the discharge current and plasma density the
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cathode produced H ions strongly attenuated in collisions
with plasma particles during its motion to emission orifice.
Further increase in H current in the discharge current
range 60-120 A (Fig.7) was mainly caused by NI formation on
emission slit anode walls. The slope of anode section of the
curves indicates that the anode NI production had the same
efficiency for various profiles of the thick emission slits
(curves 1-4, 6) and doubled with a decrease in the emission
slit thickness (curves 5, 7). Under the optimal conditions
(h= 1 mm, 6=60") an anode conversion efficiency with the
value ﬂIL/ﬂID“—“ 0,5% was regularly revealed for the
multigroove [13] and honeycomb SPS [49]. At the high
discharge current of these SPS approxXimately one half of the
extracted H- beam was the anode produced one.

The main processes involved into anode H~ production
are the reflef:tion and desorption by fast group of hydrogen
atoms, originated due to reflection of positive ions from
cathode, and the reflection (desorption) of low energy
hydrogen atoms, produced in plasma or due to desorption from
electrodes. Fast hydrogen atoms with a flux density up to
e A/cm® was measured at SPS discharge current density 10
Afcm: [55); The intense flux (= 5-30 Ascm”) of low energy
hydrogen atoms {TH= 1-2 eV) must irradiate the anode
surfaces, as it indicates by spectroscopic measurements of
SPS hydrogen densit}r‘and temperature [S6, 57]. An average
energy of the anode produced NI, extracted from SPS with GF,
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corresponds to reflected fraction of incident fast hydrogen
atoms (Fig.6).

At low discharge current the cathode produced NI group
are dominated in the SPS with GF. Under the optimal
conditions and emission slit profile of grooved SPS the
total conversion of discharge current into extracted H beam
had the highest SPS value k™=~ 17% [60]. Approximately 80% of
H beam was produced. on the concave cathode surface with
the same contribution of desorbed and reflected group into

the extracted beam.

PENNING SPS

In Penning SPS cathode produced H ions can not directly
reach the anode emission orifice outlet. As a result, the
conversion of Penning gas-discharge current into H  beam had
at least two times lower efficiency than that for the
planotron SPS with the same dimensions and under optimal
conditions. An energy spectra of H beam extracted from the
Penning SPS consisted only of the anode produced and
charge-exchanged H  groups.

A high hydrogen atom density nH:D.5~101015 cm™ in the
near anode region of Penning SPS provides an effective con-
version of cathode produced H ions due to volume charge
exchange process. An incregsed hydrogen atom temperature TH=
1-2 eV facilitates the surface conversion of hydrogen atom

flux to NI on the cesiated S.PS electrodes.
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The efficiency of low atom energy surface conversion
are very sensitive to incident particles energy, cesium
coverage thickness and its contamination with the oxides,
carbides and other hardly evaporated impurities. The
incident atom fluxes with an atom energy =l eV and intensity
of =30 A/cm® can produce due to sur-face conversion on
cesiated molybdenum (K =0,04) a secondary H flux with an
intensity of up to 1 A/cm®. Tt can provide an appre—ciablé
contribution into the measured H beam emission current
density of 2-2,8 A/cm? recorded for Penning SPS with an
increased relative surface of emission orifice walls and
optimized angles of H collecting and extraction (Fig.7).

An effective anode surface production of H ions with
the emission current density of up to 2 A/cm® was observed
in the hollow cathode Penning discharge [12, p.93]. In this
case (Fig.5) both hollow cathodes were too distant from
emission slits region. So, the cathode produced NI and fast
atoms could - not reach the emission slit area at all.> “"The
residual fast hydrogen atom flux to the emission slits walls
of hollow cathode Penning had the energy and intensity much
lower, than that for regular planotron or PIG SPS modi-
fications. With the anode or small negative potential on the
independent emitter of this SPS (Fig.5) the incident positi-
ve ion current into emitter had low value [12] and the ob-
served H yield with the current density of up to 1,5 A/cmz

(see Fig.8) was caused mainly by the production on emission
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slits walls. In the experiments with a small emission slit
(0,37x2,25 mm) the anode wall production with intensity of
extracted H beam up to 2-2,7 A/cm zwas recorded [12].
Recent experiments with the hollow cathode Penning
discharge showed, that the anode production mechanism
provides easily an intense quasi-stationary beams of H~ ions
with current density in the emission holes of up to 1 A/cm®
and an average H beam current density of 0,1 A/cm’ in large

multiaperture extraction area [58].

SPS WITH SPECIAL EMITTERS (CONVERTORS)

The NI production and vyield are remarkably increasing
with the special “independent" emitter (convertor) biasing
negatively to . plasma  potential (Fig.8). An  overall

conversion efficiency of the emitter current I into a NI
e

yield I _had the value k'= AI'/I = 2,5-555% under the.
e L~

optimal potential of the emitter U =~ 130-210 V for several
e

SPS modifications [59-62]. Relatively low value of K
compared to value k = 17% observed for "cathode" region of
dependencies (Fig.7) [I13, 58] is probably caused by the
lower transparency of exit apertures in the experiments
[59,62] for the hydrogen-desorbed and reflected groups of H
ions and by larger contribution of secondary electrons into

‘the collec-tor current recorded. As a result, the

cesium-desorbed fraction of H~ flux dominate in the energy
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spectra of H beam [63]. The contamination of an independent

emitter (convertor) lower the H ion production efficiency

significantly [64].
PURE-HYDROGEN SPS

There are several attempts were undertaken for
eliminating even small amounts of cesium from SPS operation.
An appreciable yield of H ions was recorded for Pure-
Hydrogen Discharges (PHD) with the electrodes, made of pure
molybdenum [2, 65] or with the LaBE‘ cathodes [66].

The energy spectra of H ions extracted from PHD of
semiplanotron SPS [54] are shown in Fig.9. About 25% of the
extracted NI were produced due to reflection of hydrogen
particles from molybdenum cathode and had an energy in the
range 1,1-1,9 [EUd+EUu]’ where Ud-discharge voltage,
Uﬂ—extraction voltage, applied to external anode of gas
discharge chamber. The main part of extracted NI with an
energy D,4~O,8-(5Ud+EUG] was produced due to reflection from
emission hole walls. The surface produced NI dominated over
the volumeQ produced NI (group I in Fig.9) under the optimal
conditions of PHD of semiplanotron.

The energy spectra and value of H yield, as well as
measured composition of PHD discharge current onto the
cathode,shows that the efficient NISEC for reflection on the
cathode has had the value R =0,5-0,7%2 H per incident

hydrogen nucleon. This value does not contradict the value
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Fig. 9. Energy spectra of H™ extracted from Pure-hydrogen SPS with
extraction voltage 7 kV. Discharge voltage 550 =50 V.
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measured for pure or weakly activated nickel under the
well-defined conditions (Fig.2).

More intense anode surface production (Fig.9) is caused
due to larger grazing incidence reflection of fast hydrogen
atoms and due to the increased "effective" area of emission
hole cones surface.

As a whole, the PHD semiplanotron delivers the H beams
with an emission current density of up to 1,1 A/cm®. An H~
beams with current up to 1 A were obtained with a multislit

extraction from PHD semiplanotron [65].
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