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Abstract

The plasma of a high-current hydrogen-cesium glow discharge of planotron and
Penning H~ ion sources was studied with the use of spectroscopic methods. The
elemental and charge compositions of the plasma were determined. The temper-
ature of hydrogen atoms was determined and the electron density was estimated.
The density variation of hydrogen atoms, cesium atoms and molybdenum atoms
(electrode material) and cesium ions during the discharge pulse with the space res-
olution along two coordinates was observed. Blocking up of cesium atoms and ions
and molybdenum atoms near the cathode surface was found. The radiation energy
of the discharge plasma was measured within the visible spectral range.

(© Budker Institute of Nuclear Physics SB RAS

1. Introduction

Characteristics of the similar discharge plasma and the physical processes
determining its parameters have not been studied completely, because the
small plasma volumes, source magnetic field and cesium absorption hinder the
use of the probe methods for non-disturbed measuring the parameters of the
plasma. Spectroscopic methods are more faithful to study the parameters of
the ion sources high-current discharge plasma. Such methods have a number
of considerable advantages: the measurement contactless and the absence of
perturbing action on the object; high sensitivity, high selectivity and high
measurement rate; non-susceptibility to electromagnetic interference.

In this work we present the results of spectroscopic measurements of the
H~ ion sources discharge plasma with planotron and Penning electrode ge-
ometries, published previously in!~%.

2. Sources description

Electrodes of planotron (Fig. 1,a) and Penning(PIG) (Fig. 1,b) H™ ion sources
were made of high-purity molybdenum. The external magnetic field B pro-
vided electrons oscillation in ExB crossed fields for planotron and in E||B —
for the PIG. Purified hydrogen was fed into the discharge by the electromag-
netic valve in the pulsed Mode, and cesium — from an external heated con-
tainer with cesiated pyrographite in the continued Mode. The gas-discharge
chamber of planotron and Penning sources had the following main parame-
ters:



Discharge voltage, V 100 — 600
Discharge current, A 10 — 150
Pulse duration, us 850 and 35
Pulse repetition rate, Hz 1-10
Magnetic field, kG 0.5-15
Cathode temperature, °C 400 — 800
Anode temperature, °C 200 — 400
Planotron cathode area, cm? 5
The PIG cathode area, cm? 25
Density of Hz, cm™2 up to 106
Density of Cs, cm™3 up to 1013

Several stable Modes (I-IV) of the hydrogen-cesium discharge were ob-

served, their voltages and volt-ampere characteristics being different (Fig. 1,e).

The shapes of the current pulse (Fig. 1,d) and discharge voltages (Fig. 1,c)
were close to rectangle. Mode IV was realized in pure-hydrogen discharge
without cesium on the degassed by the pre-burn electrodes. Hydrogen-cesium
Modes I-III differed in the amount of cesium deposited on the electrodes and
were monitored by the electrode temperature and the cesium feed rate into
the discharge.
Plasma radiation passed through the diagnostic slit of

0,2x10 mm? in the anode chamber, then through the collimation slit in the
shutter inside the vacuum volume and through the quartz glass inside the wall
of the vacuum chamber and was focused on the entrance slits of the detectors
by the condenser. Anode chamber with four diagnostic slits I-IV (Fig. 1,b)
was used in discharge spatial characteristics study. Plasma radiation in the
near-cathode zone was studied through the slit I and here radiation radiated
from the cathode surface and studied by the slit IV at plasma volume capture
angle of 2° near cathode surface, did not pass through the slit (total angle
acceptance of each slit was 12°). Plasma sections between the electrodes were
observed through the slits II and IIL. Using of a number of the diagnostics
slits and the shutter enabled us to determine components dynamics and the
main plasma parameters of the PIG discharge with the spatial resolution
along two coordinates. The spatial resolution along the coordinate while
measuring the radiation ‘of the discharge plasma was achieved by scanning
the image of each diagnostic slit along the monochromator slit by moving the
coudenser projecting the image of the diagnostic slit on monochromator slit.
The image of diagnostic slit was parallel to the monochromator slit.
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Figure 1: 1a,b - layout of the gas-discharge chamber of Planotron (a) and Penning
(b) H~ ion sources: 1 ~ cathode, 2 — anode, B — magnetic field, I-IV 1 diagnostic
slits; ¢, d - oscillograms of the current pulses (b) and of the source discharges voltage
(c); scales: along the horizontal — 200 ps/division, along the vertical — 50 A (d)
and 200 Volts (c); ¢ — Volt-Ampere characteristics of the high-current glow H ™ ion
sources discharges. 5



3. Diagnostic equipment

Four optical discharge plasma radiation detecting channels were used. Spec-
trograms of the plasma radiation in the 230 — 900 nm spectral range were
recorded with the spectrograph, the elemental and charge compositions of
the plasma were determined on the basis of the spectrograms. Measurements
of absolute and relative radiation intensities of hydrogen, cesium and molyb-
denum separate spectral lines were made using the monochromator and the
photoelectric multipliers were calibrated with tungsten lamp. The variation
intensities of the lines was observed on the fronts during the discharge pulse.
In study of the general character of the line intensities — time relation, radia-
tion noise was cut off by the RC-filter, and wider band detecting system was
used in study of the discharge noise.

Temperature of the hydrogen atoms in the discharge was determined on
the basis of the H, — line radiation spectrum interferograms, and the electron
density in the plasma was estimated on the basis of the Hpg — line radiation
spectrum interferograms recorded by the Fabry — Perot interferometers. Us-
ing of the interference filters with the increased transmission coefficient (up
to 80%) and dielectric mirrors with the low absorption enabled us to increase
the recording efficiency and to record interferograms of the lines spectrums
in a single discharge pulse. The discharge plasma radiation energy in the
400 — 800 nm spectral range was measured by the thermocouple bolometer.

4. Experimental results and discussion

A. Spectrum and energy of the discharge plasma radiation

Plasma radiation energy of planotron discharge in 4r steradian in 400 —
800 nm spectral region in a single discharge pulse of 850us and at the dis-
charge power of 10 kW was 3.2 mJ.

Radiation spectrums of planotron and the PIG discharge plasma were
practically identical. Difference was observed only in the intensities quantity
of the spectral lines In addition to the main plasma components: hydrogen
and cesium, — high quantity of the cathode sputtered molybdenum lines and
impurity oxygen lines were found in the 230 — 900 nm spectral range. Identi-
fication was made for the spectral lines of Balmer series hydrogen atoms (Ha,
Hg, H,, Hs), for the lines of cesium atoms Csl, of singly — charged cesium ions
CsII (300 — 650 nm), of doubly — charged cesium ions CsIII (250 — 290 nm),
and for the lines of Mol atoms and of singly — charged molybdenum ions
MolI. Transitions from the highly excited levels of cesium atoms (n ~ 15)
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were recorded at high discharge current. The line spectrums of hydrogen
molecules were observed in the discharge plasma radiation: a — Fulcher sys-
tem (580 — 620 nm) and electronic — rotational transitions I'Il, — B'ZL7,
GE} — B'LY in the 420 — 490 nm spectral range.

B. Intensities of radiation of the plasma components spectral lines

Hydrogen. In Mode I with reduced molecular hydrogen density in the
gas-discharge chamber (GDC) density of atomic hydrogen was proportional
to discharge current density at low discharge current. In this case, radiation
brightnesses of the Balmer hydrogen lines linear depended on the discharge
current (Fig. 2,e,f) and the density of molecular hydrogen fed into the dis-
charge. The data were recorded in a short time interval so that the thermal
conditions of the discharge electrodes did not change. The reading of the
intensity was made at the ”plateau” in the middle part of the pulse and was
recalculated according to photomultiplier spectral sensitivity. Radiation in-
tensities kinetics of the Balmer lines on the all diagnostic slits was identical
and followed the shape of the molecular hydrogen gas pulse (Fig. 2,b). Spa-
tial density distribution was uniform along the discharge length (Fig. 2,d)
(brightnesses calculation on the graphs was made according to the detect-
ing system acceptance for each diagnostic slit). Growth rate of the Balmer
lines brightnesses decreased with the discharge current increasing and at high
discharge current lines were saturated (Fig. 2,e,f). Saturation depended on
molecular hydrogen density and location of hydrogen atoms in the discharge.
Brightness saturation of the Hg-line radiation may be caused by the partly
hydrogen displacement from the discharge zone into the GDC lateral clear-
ance or by the decreasing of the growth rate of H~ and H' ions density,
because among the main channels of formation of excited hydrogen atoms
in n = 3 state the process of the mutual neutralization of hydrogen ions
(H- + H* — H* + H°) have the highest reaction rate. For this process
(6V) = 310" "em®/s. ® According to the probe measurements of H~ and
I+ ions densities in the source discharge” Ny- - Ny+{oV) = 10?95~ 1. em~2.
Radiation intensities kinetics of the Balmer lines at high discharge current
were approximately equal in Modes I and Ia (Fig. 2,a), excepting leading
edge. Radiation intensity emission on the leading edge in Mode I evidences
of the relatively high atomic hydrogen contribution, desorbed from the GDC
electrodes surface.

Values of the radiation intensities of the Balmer lines in Modes II-1V was
approximately the same with those at appropriate discharge current in Mode
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Figure 2: Parameters of the hydrogen Balmer lines radiation: a-c — oscillograms of
the radiation intensities in Modes I (a,b) and II (c), scale: need vertical scales and
units 200 ps/division; d — spatial distribution of the radiation brightnesses (Bx) of
the Ho — line (1,2) and of the Hg-line (3,4) over the diagnostic slits I-IV for the
PIG in Mode I, the tables 1,2,3 and 4 in the plot of B, vc.lLILIII and IV need
explanation; e,f — radiation brightnesses (Bx) of the H, - line (e) and of the Hp
— line (f) discharge current density relation for the Planotron (1) and for the PIG

(2).

I, in spite of the increasing of the discharge voltage and higher hydrogen den-
sity in the GDC. Its kinetics followed the discharge current shape (Fig. 2,c).
The rates of increasing and decreasing of the Balmer lines radiation intensities
(leading and trailing edges of the radiation pulse) and the rates of increasing
and decreasing of the discharge pulse current in this Modes were equal (to
increase temporare resolution the shorter discharge pulse was used).

Cesium. Intensities and kinetics of the radiation of the cesium atoms
lines and of the cesium ions lines substantially depended on the cesium feed
into the discharge and on the thermal conditions of the electrodes.

Lines of the cesium atoms CsI (852.1 nm) with the highest force value
of the transition oscillator (f = 0.8) have the maximum brightness in the
230 — 900 nm spectral range. Figure 3,e shows the dependence of the Csl
(852.1 nm) line radiation brightness on the discharge current density in Mode
I for planotron and for the PIG (reading was taken on the basis of the intensity
maximum at the end of the pulse). At a very low discharge current densities
increasing of the electron and cesium densities in the discharge volume causes
quadratic increase of the amplitude of the line radiation brightness. Then
with the discharge current increase on a small value interval of its density,
radiation brightness linear growth was observed. At high discharge current
densities growth rate of the radiation brightness of the line abruptly dropped
which is connected with the growth rate of cesium ionization and with its
density decreasing in the interelectrode clearance.

At high discharge current the CsI (852.1 nm) line and the other cesium
lines intensities increased at the end of the discharge pulse (Fig. 3,a,b). Long
duration of the leading edges of the radiation pulse in Modes I and Ia de-
pended on the additional cesium release into the discharge due to the elec-
trode bombardment. Its sputtering coefficient is decreased in Mode I be-
cause of the increasing of the repeated ion — electron emission coefficient.
Pulse overheating of surface by the discharge and the cesium release from the
cooler, non-operating sections of the interelectrode clearance led to the equi-
librium density increasing and to the cesium accumulation in the discharge.
The Csl line intensity kinetics had the another character at low discharge
currents and at high currents in Modes II and III (Fig. 3,c). Abrupt radia-
tion intensity emission on the leading edge is caused by the cesium excitation
in the discharge interval volume. Intensity increase at the end of the pulse
is connected with the cesium release into the discharge due to the electrode
bombardment. Rates of the increase of the cesium lines intensities increased
at the beginning of the radiation pulses in Modes II and III in comparison
with those in Mede I, but they were substantially lower then Balmer lines
increase rates, here intensity decreasing at the end of the pulse proceeded
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gsufficiently quicker. In Modes II and III with the hotter electrodes the ini-
tial cesium density in the GDC volume is higher then in Mode I, while the
cesium concentration on the electrodes is low. In this case the sputtering
coefficient of cesium is higher which causes cesium lines intensities fast reach
a relatively high stationary level.

Spatial distribution of the Csl (852.1 nm) brightness over the diagnos-
tic slits I-IV was substantially asymmetrical (Fig. 3,d), especially at high
discharge currents. It evidences unambiguously that the emission cathode
surface and plasma fitting thin layer which can be seen only through the slit
IV give the determining contribution into the radiation of this line.

Symmetrical distribution of the CsI (455.5 nm) line brightness over the
diagnostic slits (Fig. 4,c) shows that the radiation from the discharge volume
gives the to make a contribution into the radiation of this lines. Besides,
we observed a substantial difference in the intensity kinetics of this two lines
in the discharge near the cathodes when the CsI (455.5 nm) line intensity
saturation occurred at the beginning of the discharge pulse (Fig. 4,b). Here
a character of dependence of the radiation intensity of this lines on time in the
discharge center coincided (Fig. 4,a). Csl (455.5 nm) line radiation brightness
saturation occurred at the lower discharge current densities (Fig. 4,d).

Cesium 1ons. Intensities kinetics of the cesium ion lines (Fig. 5,a)
and intensities kinetics of the cesium atoms lines in Mode I were completely
coincided. Increasing of the cesium electrons density and cesium ions density
in the discharge in Mode II causes rapid quadratic increase of the amplitude of
the radiation intensity of the cesium ions line at a discharge current increasing
(Fig. 5¢c). Radiation brightnesses of the all cesium lines considerably increased
in Mode Ia at forced cesium feed into the discharge when the discharge had
become practically cesium — hydrogen. It led to little changes in intensities
kinetics of the cesium lines (Fig. 5,b).

The spatial distribution of the brightnesses of the cesium ion lines and
of the Csl (852.1 nm) line brightness over the diagnostic slits was abruptly
asymmetrical, which evidences of the cesium ions blocking up near the cath-
odes. Here radiation brightnesses of the cesium ions lines near the cathodes
in contrast to radiation brightness of the cesium atoms lines continued to
increase at high current densities (up to ~ 30 A/cm?) (Fig. 5,e) and in the
discharge center (on the slit II) they reached saturation at a current density
of ~ 10 A/cm?. Comparison of radiation intensities of the cesium atoms lines
and cesium ions lines shows that cesium was predominantly ionized during
the discharge pulse in Modes I-III.

Molybdenum. The radiation brightnesses of the molybdenum atoms
lines were minimal among the studied spectral lines. Molybdenum was
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Figure 3: Parameters of the Csl line (852.1 nm) radiation: a-c — oscillograms
of the intensities in I (a), Ia (b), II (c) Modes, need vertical scales and units
200 ps/division; d - spatial distribution of the lines brightnesses By over the diag-
nostic slits I-IV in Mode I for the PIG; e - radiation brightnesses (Bx) of the line
discharge current density relations in Mode I for Planotron (1) and for the PIG (2).
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Figure 4: Parameters of the Csl line (455.5 nm) radiation: a-b — oscillograms of
the intensities in Mode I, need vertical scales and units 200 ps/division; c — space
distribution of the brightnesses B over the diagnostic slits I-IV in Mode I for the
PIG, the tables 1,2,3 and 4 in the plot of Ba, ve.LILIII and IV need explanation; d
— radiation brightnesses ( By) of the line discharge current density relation in Mode

I for Planotron (1) and for the PIG (2).
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Figure 5: Parameters of the CsII line (460.4 nm) radiation: a-c - oscillograms
of the intensities in Modes I {a), Ia (b) and II (c), need vertical scales and units
200 ps/division; d — spatial distribution of the line brightnesses B over the di-
agnostic slits I-IV in Mode I for the PIG, the tables 1,2,3 and 4 in the plot of
By, ve.LILIII and IV need explanation; e - radiation brightnesses (B, ) of the line
discharge current density relation in Mode I for Planotron (1) and for the PIG (2).
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Figure 6: FIG. 6. Parameters of the Mol line (553.3 nm) radiation: a-d — oscil-
lograms of the intensities in Modes I (a), Ia (b) and II {c,d), need vertical scales
and units 200 ps/division; e — spatial distribution of the brightnesses (B») over the
diagnostic slits I-IV in Mode I for the PIG, the tables 1,2,3 and 4 in the plot of
By, ve.LILIII and IV need explanation; f - radiation brightnesses (B») of the line
discharge current density relation in Mode I for Planotron (1) and for the PIG (2).
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knocked-out of planotron and the PIG electrodes predominantly at the be-
ginning c: the gas-discharge pulse in Model (Fig. 6,a). Molybdenum emission
and its excitation occurred more uniformly during the discharge pulse in more
Mode Ia (Fig. 6,b). The decrease in molybdenum sputtering and reaching
the stationary level by its intensity in 200 us after the beginning of the pulse
(Fig. 6,a) are caused by the degree increasing of the cathode cesium coating
up to dynamically equilibrium value, determined by the cesium ions currents
to the cathodes and its sputtering coefficient. Intensities of the molybde-
num lines increased substantially at lower cesium density on the electrodes
in Modes II-IV and its lines intensities kinetics (Fig. 6,c,d) was analogous
with the those in Mode I.

The spatial distribution of the radiation brightnesses of the molybdenum
atoms lines over the diagnostic slits was symmetrical (Fig. 6,e), here the
radiation brightnesses of the Mol lines near the cathodes increased a factor of
2 — 3, it evidences of molybdenum blocking up near the cathodes. Stationary
level of molybdenum atoms radiation intensity increased at a low discharge
current in Mode I due to the electron intensity increase in the discharge
(Fig. 6,f). Cathode cesium ”blocking” degree increased with the discharge
current increase, radiation intensities of the molybdenum lines in planotron
started to reduce with the discharge current increase (Fig. 6,f) (I). Radiation
brightnesses of this lines continue to grow in the PIG near the cathodes (2).
Radiation brightnesses saturation of the molybdenum lines occered in the
center of the discharge gap at low densities of the discharge current due to a
low molybdenum density. :

C. Fluctuations of the spectral lines radiation intensities

Current fluctuation of the cesium ions to the cathode leads to local changes
of the cesium coating and cathode emissivity, which can cause low-frequency
oscillation of the electron density in the discharge and connected with it
fluctuations of the spectral lines radiation intensities (Fig. 7). Frequency and
level of low-frequency fluctuations (~ 10% Hz) and noise (LFN) increased with
the discharge current growth. However, relative level of the LFN, defined as
the ratio of the root — mean — square value of fluctuations to the mean value
of intensity, generally decreased with the discharge current growth. LFN
level increased with the magnetic field increase and with the decrease of the
hydrogen and cesium feed into the discharge (Fig. 7.e), here LFN level was
substantially lower in Mode I (Fig. 7,c,d) than in Modes II and IIT (Fig.
7,a,b). Mode I was very sensitive to the cesium density in the discharge
in the PIG, its insignificant decreasing led to different instabilities in the
discharge and to in going from noise Mode to noiseless Mode during the dis-
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Figure 7: Parameters of the low-frequency fluctuations and noise (LFN) of the
spectral lines radiation intensities and of the I4 discharge current: a-d - oscillograms
of the Csl line (852.1 nm) radiation intensities in Mode I and of the Hpg-line in
Mode I, recorded by the bandwidth detecting system, need vertical scales and
units 200 ps/division; e — dependence of the LFN relative level of the Csl and

Hg ~ spectral lines and of the I, discharge current on the value of the B external
magnetic field.

charge pulse causing qualitatively modification of the intensity kinetics of the
all spectral lines, excepting the molybdenum lines.

We observed a clear correlation between the intensities vibrations of the
different spectral lines and vibrations of the current and of the voltage in the
source discharge which unambiguously connected with the fluctuations of the
H~™ ions beam emittance extracted from the discharge by the field. Increase
of the magnetic field from 0.6 to 0.9 kHz at a discharge current of 100 A led
to increase of the current oscillations frequencies from 0.5 to 10 MHz and to
H~ ions beam emittance value increasing praetically a factor of 2. Increase
of the beam emittance can be also connected with the growth of the magnetic
field inhomogeneities of the source and with the increase of the space-charge
potential beam.

D. Temperature of hydrogen atoms in the discharge

Temperature of hydrogen atoms in the discharge was determined by the
doppler broadening of the H,-line. Figure 8,a,b shows the typical inter-
ferograms of the H,-line radiation spectrum for planotron and the PIG,

recorded 1n a single discharge pulse. At microphotometering of the H,-
line spectrums interferograms fine structure of the H,-line was not observed.

It may be not taken into account if the predominant process of hydrogen

atoms excitation is the dissociation of hydrogen molecules by the electron
bombardment when T0% of the energy is radiated in the transition 32 D j2 =
2%Py75. ® In the pulsed discharge a considerable fraction of the hydrogen
atoms was formed by desorption from the electrode surface which may lead
to a broadening of the H,-line contour. Broadening of the H,-line contour
is also due to the fine structure.

Temperature of hydrogen atoms in planotron and in the PIG linearly
increased with the discharge current density growth (Fig. 8,c), here at low
density of the discharge current (< 20 A/cm?) its values were considerably
lower in planotron then in the PIG. Thus, for the production of the H~ ac-
celerated beams with the minimum possible divergence planotron as a source
is more preferable,

E. Density and temperature of electrons in the discharge plasma

Density of electrons in the discharge plasma was estimated by the Stark
broadening of the Hg-line. Figure 8,d shows one of the Hg-line spectrum
interferograms. Electrons density linearly depended on the discharge current
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Figure 8: a,b — interferogram of the radiation spectrums of the H,-line in Planotron
(a) and in the PIG (b); ¢ — dependence of the kTyo hydrogen atoms temperature
and of H,-line contour width on discharge current density in Mode I in Planotron
(1) and in the PIG (2); d - interferogram of the radiation spectrum of the Hg-line
in Mode I in Planotron; e - dependence of the electron density (n.) in Planotron
discharge in Mode I on the discharge current density (I).
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density, at current density of 20 a/cm? its value was 4 - 10'3cm 3 (Fig. 8,e).

Temperature of electrons in the discharge was found from the relation be-
tween the Balmer lines intensities in local termodynamical equilibrium (LTE)
approximation and Maxwell energy distribution of electrons. It was calcu-
lated according to the procedure of® and its value was 0.4 eV. Anomalously
low electrons temperatures were obtained when we compared the intensities
of different cesium lines and also from the distribution of intensities in the
recombination continuum spectrum at the 5d level (550 — 590 nm). 1%, The
”"cesium” temperature of electrons was ~ 0,1 eV and it depended slightly on
the cesium density.

The extremely low values of the electron temperature evidence that the
use of the LTE model is limited in the conditions of high current glow dis-
charge with the non-equilibrium character of the processes on the electrode
surface. In this case, together with the low energy cluster of Maxwell elec-
trons it is necessary to take into account the role of the cluster of the fast
primary electrons.

5. Discussion

The use of the spectroscopic methods allowed us to realize non-perturbed
control and to measure reliable the main parameters of the discharge plasma
of surface — plasma H~ ion sources. It gives the possibility to construct
a real theoretical model of this sources. Planotrons which have the lower
temperature of hydrogen atoms in the discharge plasma at the equal discharge
current densities than Penning sources were showed to be preferably used
as sources for the production of the H~ ion accelerated beams with the
minimum possible divergence.
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