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Early in 1973 a program was initiated at
BNL to develop a pulsed source of negative hy-
drogen ions capable of yielding beam currents
of several tens of milliamperes or more. Two
typea of sources were constructed, a hollow
discharge duoplasmatron and a magnetron. Both
sources were operated without and with cesium
vapor injection. A substantially higher out-
put of H* ions was observed from a hydrogen-
cesium discharge: of the order of ten milli-
amperes from the duoplasmatron source and of
the order of hundred milliamperea from the mag-
netron. Current densities at the extraction
aperture and beam phase space areas are com-
parable to those of standard proton sources.

Introduction

The program to develop negative hydrogen
ion beams at BNL started with the initial goal
of achieving pulsed beam currents of the order
of several tens of milliamperes. Such beams
of negative hydrogen ions were to be used for
the charge exchange injection of protons into
the AGS. It was decided at that time to con-
centrate the efforts on the development of
sources with direct extraction of negative
ions from a plasma instead of following the
route then preferred, via charge exchange of
intense proton beams. This decision was
strongly influenced by first reports from sev-
eral laboratories in the USSR describing two
new types of sources, one yielding negative
hydrogen ion currents of up to 5 mA (a hollow
discharge duoplasmatron1) and the other even
more, up to 22 mA (a very compact magnetron3).
Preliminary results at BNL obtained with simi-
lar sources, as well as further developments
in the USSR laboratories,3 were so encouraging
that late in 1973 a program was proposed to
develop a source of H ions capable of deliv-
ering beam currents of up to 1 A, with pulse
lengths of 10 ms. Negative hydrogen ion beams
of so high intensity are intended for applica-
tions in some plasma devices, as a means of
heating the plasma by injection of high energy
neutral particles.
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In this paper we shall present results of
the BNL's research of the two types of H*
sources mentioned above. A hollow discharge
duoplasmatron was developed by adapting the
existing BNL proton duoplasmatron source and
introducing some novel features, as e.g. re-
placing the originally proposed center rod
with a tube and injecting cesium into the an-
ode region of the discharge. While the H~
yield from a pure hydrogen discharge was some-
what higher than obtained by Golubev et al.,1

a more than two-fold increase was observed
when cesium was injected into the source.

The initial design of our magnetron
source followed that one described by
Bel'chenko et al.2 The second model was sub-
stantially improved, much sturdier and capable
of withstanding high thermal loads. Operating
modes without and with cesium injection were
explored, as well as the possibility of using
more than one extraction slit. In a pure hy-
drogen mode results similar to those reported
in Ref. 2 were obtained; in the mixed hydrogen-
cesium mode H" currents above 125 mA were ob-
tained, which is still lower than the report-
ed value of about 300 mA.3 Inadequate control
of the amount of injected cesium vapors and of
the source temperature seems to be responsible
for an intensity below the optimum possible.

Hollow Discharge Duoplasmatron (HDD)

The hollow discharge duoplasmatron has
basically the same geometry as a standard duo-
plasmatron, except for a rod1 or a tube*
placed along the main discharge axis and pene-
trating into the anode region (Fig. 1). Such
a design is based on the property of duoplas-
matrons to yield more of H~ ions from the edge
of the discharge (when scanning the extraction
aperture of a standard duoplasmatron, there is
a very pronounced minimum in the H~ yield
around the center of the aperture). In the
BNL design the new intermediate electrode has
a wider aperture of 11 mm dia., so as to leave
enough space for the discharge around the cen-
ter molybdenum tube (4 mm dia.). The center
tube is isolated from the discharge by an alu-
minum sleeve except at the tip. The distance
between the tube tip and the anode insert can
be varied. Hydrogen gas is fed via a pulsed
valve into the cathode region. Four holes
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Fig. 1

situated about 12 nun from the tip of the tube
served for radial injection of cesium vapors.
The possibility of using the tube for hydrogen
gas feed as well was not explored fully. Anode
inserts (molybdenum) with different extraction
apertures were used to optimize the aperture
diameter.

The source assembly was on a negative po-
tential (up to 45 W ) , with the extractor, tar-
get box and diagnostics at the ground potential.
The arc voltage and current waveforms were mon-
itored, as well as the voltage drop across Ifi
resistor in series with the center tube. Only
the pressure in the gas feed line was measured.
The injection rate of cesium vapors into the
source was controlled by the temperature of
the cesium cell, but there was no possibility
of measuring this rate or determining the den-
sity of vapors in the source.

The first part of our measurements on the
HDD source consisted in determining the opti-
mum axial position of the center tube and in
exploring the effect of varying the diameter
of the anode aperture. The beam emittance was
also measured for several combinations of
source parameters. The method with two slits
was used, one of them placed intnediately after
the extractor and the other at the exit of a
small window frame magnet serving also to se-
parate negative hydrogen ions from other heavy
ions and electrons. The target was a shielded
Faraday cup. Total current intensity was
measured by a beam transformer, as well as by
intergrating current density distribution
curves obtained for different positions of the
entrance slit. After optimizing the source

geometry the magnetic analyzer was replaced
with a unipotential lens preceded by a magne-
tic dipole to deflect electrons out of the beam.
The beam current, passing through a 12.5 mm
dia. collimator in the lens itself, was then
measured by a beam transformer as well as by
scanning with a retractable Faraday cup.

Experiments With the HDD Source

Experience with duoplasmatrons when used
as a negative ion source has shown that it
takes a day or two of running to condition a
new source ; the same was observed with the
HDD source. During this period of time the
negative hydrogen ion current increases signi-
ficantly and the heavy ion component reduces
to less than 10%. After this initial period
the source usually runs for weeks without any
trouble.

The negative ion beam current was first
measured as a function of the magnet current,
gas flow rate and the potential of the center
tube.4 When raising the magnet current, an
increase in the H" yield was observed up to
the limit of the stable operation of the
source; an optimum flow rate was, however,
found before reaching the limit. A very in-
teresting behavior was observed when the po-
tential of the center tube was varied starting
from large negative values (Fig. 2). The H"
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output was increasing up to an apparent opti-
mum, beyond which the electron current drawn
by the tube became prohibitive. In this par-



ticular run the floating potential (Itube
=o)

was about -50 V with respect to the anode,
which would indicate that the optimum potential
is somewhere around the plasma potential.

Experiments have been dene with only one
size of the center tube. It was found that the
best position of the tip is 4 mm from the an-
ode. The extracted H* current showed first an
increase with the anode aperture and then a
leveling off at around 2 am diameter; it fol-
lows that the highest current density corres-
ponds to the 2 mm aperture. Xhe maximum nega-
tive hydrogen ion beam obtained without cesium
was about 9 mA, with a normalized emittance
(area X 0V) of 0.27cm-mrad, and corresponding
current density of 0.28 A/cm3. The ion-elec-
tron beam current ratio varies between 0.01
and 0.02. Some of the source and beam param-
eters are shown In Table I.

TABLE I

Cesium
Iniection

Ion beam current

Electron beam current

Emittance (norm.)

Anode aperture

Arc current

Arc voltage

Source magnet

Tube bias

Extraction voltage

No

9 IDA

400 mA

0.27 cm-mrad

3.1 mm3

80 A

200 V

5.4 a.u.

- 20 V

38 kV

Yes

18 mA

600 mA

-

3.1 mm2

45 A

100 V

2.5 a.u.

floating

43 kV

Before injecting cesium into the source
the duoplasmatron was conditioned and its
parameters optimized. The negative ion beam
current as measured after the lens was 8 mA.
Cesium vapors were then injected by heating
the cell6 for about one hour at 150°C (vapor
pressure "= 10~s torr). This method of con-
trolling the rate of vapor injection has seri-
ous drawbacks because of possible over-satura-
tion of the source with cesium; if this hap-
pens, large oscillations appear in the plasma
and the beam pulse shows a large noise compon-
ent. The maximum negative ion current we
reached was about 13 mA, at an extraction volt-
age of 43 kV. It was observed that the H~
yield remains enhanced for some time after the
injection of cesium vapors from the cell has
been discontinued. Table I shows one set of
source and beam parameters, with cesium vapors
injected.

Several explanations have been proposed
for the efficient extraction of H ions from
the edge of a discharge.7 In a hydrogen dis-

charge the polar dissociation e + H£ — e + H
+ H+ is probably the process most responsible
for creation of H* ions, although some authors
do not rule out the possibility of the disso-
ciative recombination (e + Hj - H" + H+) tak-
ing place as well. Surface conversion of ions
and atoms into negative ions seems to be negli-
gible because the conversion coefficients for
clean surfaces with high work function are
very small.8 This is in agreement with the
observed variation of the H* yield with the
center tube bias: where the surface conver-
sion the dominant process, the H~ yield should
not depend so much on the bias. On the other
hand, an exponentially increasing number of
electrons arriving at the center tube as its
potential is changing from the floating toward
less negative values certainly does enhance
the creation of H" ions via polar dissociation;
a higher density of hydrogen molecules in the
vicinity of the center tube due to a very high
recombination probability for atoms hitting
the metal surface would help as well.

The situation, however, changes when
cesium is injected into the source. The fact
that the enhancement of the H yields lasts
much longer than the injection of Cs itself,
points out to surface effects as the explana-
tion of a higher H" yield. Unfortunately, the
possible dependence of the H" yield on the
center tube bias was not explored in detail,
although there are indications that it is less
pronounced than for a pure hydrogen discharge.
A much less dramatic effect of cesium in a
HDD source than in a magnetron may be explain-
ed by a less favorable position of the emit-
ting surface with respect to the extraction
aperture.

Although it is possible to envisage fur-
ther developments of a HDD source resulting
in higher currents of H~ ions, improvements
by two or more orders of magnitude cannot be
expected. The magnetron2'3'7 is certainly a
more promising source of H~ ions for CTK ap-
plications and currents of 0.88 A have already
been reported9 from a larger version and help-
ed by cesium injection. It consists of two
electrodes, cathode and anode, with a race-
track discharge chamber between than. In the
normal operating mede the discharge is estab-
lished in that part of the chamber where the
electric and magnetic fields are mutually per-
pendicular; it is sustained probably by sec-
ondary electron emission froir. the cold cathode
under bombardment by positive ions. There is
an expansion slot in the anode, next to the
extraction slit, which serves to enhance the
motion of H~ ions toward the slit,3 slewing
down at the same time the diffusion of elec-
trons toward it.



Our first model of the magnetron source
suffered from several weak points in the de-
sign itself, resulting in appreciably lower arc
currents and extraction voltages than expected
and operating rather unreliably. The second
model, although having basically the same di-
mensions, was of a much sturdier design and it
is with this model that most measurements have
been done (Fig. 3, 4>. Anode block parts were
machined out of stainless steel, the cathode
with its side shields is of molybdenum as sug-
gested in Ref. 2 and 3 for the lowest contam-
ination by heavy negative ions. The magnetic
field can be varied up to 3 kG; an interesting
feature of the magnet is that the coil is out-
side the vacuum box. The source is enclosed
in a stainless steel can, except for one or
more extraction slits adjacent to the plasma
expansion chamber in the source. Extractor
blades are stainless steel as well; in one
mode of operation they were mounted on the
grounded pole pieces with only the source on
a high negative potential, in the second mode
the source and the magnet were on high poten-
tial with only the extractor grounded. In
either case the gap between the extractor and
the source was 1 mm. Same system of gas and
cesium injection was used as described earlier,
except that the feed line to the source itself
was common for both hydrogen and cesium. Pres-
sure in the source was not measured.

The pulsed power for the arc was supplied
by a delay line pulser with 3fi internal imped-
ance and i. ms pulse length. The arc voltage
and current waveforms were monitored. Same
diagnostic equipment as for the HDD source was
used for beam current and emittance measure-
ments.

Experiments With the Magnetron Source

First experiments have been done with
hydrogen as the operating gas. In the normal
mode of operation which is achieved after sev-
eral hours of conditioning, the necessary arc
voltage ranges between 500 V and 700 V, de-
pending more on the arc current and less on
the magnetic field and gas pressure. However,
at lower pressures and/or magnetic fields we
have observed another mode of operation char-
acterized with a voltage of a few tens of
volts only and current limited by Che external
circuit. Output of negative ions in this mode
was practically zero, and this phenomenon de-
termined the limit of the useful values of the
arc current. For certain combinations of the
pressure and the magnetic field this limit
was a$ low as 20-30 A, but when the parameters
were properly adjusted currents up to 100 A
were obtained in the high voltage mode.

Measurements of the H" yield from a
pure hydrogen discharge were done with a sin-
gle extraction slit of 0.6 X 10.5 mmE. When
measured as function of the discharge current
in the range from 20 to 50 A, the extracted
current showed as increase from 7 mA to 17 mA,
at constant pressure, magnetic field (2 kG)
and extraction voltage (10 kV). The heavy ion
content was about 10%, the electron component
about 5-6 times higher. Maximum current den-
sity is comparable to that one reported in
Ref. 2 (270 mA/cmE), but the electron load is
higher probably due to a shallower anode slot.
Beam emittance was measured at a beam current
of about 7 mA of H", in directions parallel
with the extraction slit (0.44 cm-mrad norm.)
and perpendicular to the slit (0.6 cm-mrad,
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norm.). Soon afterwards cesium was injected -node again (to be
and once the source was contaminated, it u.-is hard, either!),
very difficult to establish a pure hydrogen

frank, we did not try very



Experiments with cesium injection are
still in progress and, as mentioned above,
often accompanied by difficulties due to an
imprecise control of the injection rate. A
number of modes was observed, depending on the
hydrogen gas pressure and even more on the con-
dition of the cathode surface (degree of con-
tamination with cesium). Arc voltages as low
as 100 V were possible with arc currents up to
150 A. The arc voltage was not very sensitive
to changes in the magnetic field or in the arc
current. Lowest voltages were obtained during
and immediately after the cesium injection.
However, sometimes it was possible to run the
source in a mixed mode (with cesium injection
discontinued) for several weeks, but the arc
voltage would slowly increase in time from a
very low value to 300-400 V. The highest H"
current achieved with the slit 0.6 X 10.5 mm8

was about 100 raA, which corresponds to a den-
sity of 1.6 A/cms, from an arc discharge of
100 A and at an extraction voltage of 15 kV.
The electron component was not more than 200
raA. The emittance was measured under similar
conditions, but at a lower extraction voltage
of 10 kV only. In the direction perpendicular
to the extraction slit the normalized emittance
was 1.2 cra-mrad, for a net H" current of 45 mA.
The contamination by heavier negative ions was
higher this time: up to 20% of the total beam.
When the source was operating in the mixed
mode, it was easy to keep the extracted cur-
rent in the range from 50 mA to 75 mA for sev-
eral days. With the slit width increased to
1 mm, the extracted current did not increase
as expected. It is, however, possible that
the rate of cesium injection was not properly
adjusted.

A double extraction slit (two 0.5 X 10
mms slits) was tried in order to check the pos-
sibility of using multiple slits in a magnetron
source. First results with the source opera-
ting in a mixed mode (arc voltage 200 V, arc
current 100 A) showed that it was possible to
extract up to 125 mA, corresponding to current
densities of 1.25 A/cm2, which is lower than
from a single slit of similar dimensions. A
few pulses were observed with even higher
peaks (up to 150 mA), but again we could not
find an optimum because of poor cesium injec-
tion technique. It is worthwhile mentioning
that again the yield of H" ions was rather
stable for many days, and that it was possible
to extract currents between 75 mA and 125 mA
from a mixed mode discharge as long as the arc
voltage did not increase above 200 V.

A magnetron source, operating in the pure
hydrogen mode, yields several times higher H"
currents and current densities than a Penning
source. Still, the same explanation may be
proposed for the creation of H ions in both
sources: polar dissociation of molecules in

collisions with electrons of energies above
17 eV. Secondary emission of electrons from
the cathode under bombardment by positive ions
with an energy of 500-600 eV is a rather ef-
ficient process with a coefficient of about
0.1. These electrons are accelerated while
passing through a very thin cathode fall re-
gion and enter the plasma with energies of
several hundred eV or more. While performing
spiraling trajectories in combined electric
and magnetic fields they collide with neutral
molecules and produce new positive ions, and
occasionally a negative ion as well. A much
higher plasma density and a shorter path H~
ions have to traverse before reaching the ex-
traction slit may explain a higher yield from
the magnetron source. However, an order of
magnitude higher currents of negative ions
from a magnetron source operating in the mixed
hydrogen-cesium mode cannot be explained by
processes in the plasma alone, but by surface
conversion of energetic positive and neutral
particles when hitting the cathode.3 It is
interesting to note that an order of magnitude
increase in the H yield Is accompanied by a
much smaller increase in the electron compon-
ent, which would indicate that the plasma den-
sity did not increase very much following the
injection of cesium.

Conclusions

Our experiments have shown that the HDD
source is capable of delivering H" currents of
up to 18 mA. A new source has been built with
much more flexibility in changing the geometry
of the critical region around the anode; it
should make possible optimization of other
source parameters as well. It is expected
that improvements in the way cesium is inject-
ed into the source will further increase the
yield of H~ ions.

The most important problem in the opera-
tion of the magnetron source has been the
cesium injection. By mastering this technique
it should be possible to reach intensities ob-
tained in USSR by G.I. Dimov and his group.
Experiments are planned with a larger version
of the source, with up to 5 narrow extraction
slits. Measurements of the energy spectra
will shed more light on the question of the
origin of negative ions.
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