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Abstract: The U.S. Spallation Neutron Source (SNS) is a state-of-the-art neutron scattering facility
delivering the world’s most intense pulsed neutron beams to a wide array of instruments which are
used to conduct investigations in many fields of science and engineering. Neutrons are produced
from spallation of liquid Hg by bombardment of short (∼1 μs), intense (∼35 A) pulses of protons
delivered at 60 Hz by a storage ring which is fed by a high-intensity, ∼1 GeV H− LINAC. This facility
has operated almost continuously since 2006, with ion source performance increasing over those
years, and currently providing 50–60 mA of H− ions with a duty-factor of 6% for maintenance-free
runs of several months with near 100% availability. Ion source research and development at ORNL
has played a key role in enabling and supporting this success: this report provides an update on
some of the ongoing ion source research and development efforts which have been undertaken
since the previous Negative Ion Beams and Sources (NIBS) conference in 2020. These include
significant improvements to H− beam current by extraction from a larger source outlet aperture and
improvements to the electron dumping system which should eliminate the gradual loss of electrode
voltage over the course of a run which has occasionally impacted SNS operations. Improvement and
simplification of the plasma ignition system for the external antenna ion source, a long-standing
problem, was also realized. Lastly, RF coupling efficiency was measured for both the SNS internal
and external antenna ion sources.
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1 Introduction

The Spallation Neutron Source (SNS) is the highest-power pulsed neutron source currently operating
worldwide and typically hosts ∼1000 researchers per year. The SNS accelerator system is sequentially
comprised of an H− ion source, an electrostatic Low Energy Beam Transport (LEBT), a 2.5 MeV
Radio Frequency Quadrupole accelerator (RFQ), a series of room-temperature linear accelerators
followed by a series of superconducting RF cavities producing a ∼1 GeV beam that is injected into a
proton accumulator ring. The accumulated beam within the ring is then directed onto a liquid Hg
target, producing neutrons [1]. The ion source produces pulses of H− ions [2] now with a current of
50–60 mA, a pulse length of ∼1 ms, and a repetition rate of 60 Hz [3]. A LEBT chopping system
divides the ion source pulse into ∼1000 mini pulses for beam stacking into the ring and a fast kicker
magnet then directs the stacked beam (∼35 A at 1 GeV, ∼1 μs in duration) onto the Hg target with a
repetition rate of 60 Hz. Currently, the SNS operates at 1.4 MW of proton beam power on target
with plans to eventually reach 2.8 MW to simultaneously support a second target station (STS) [4].
Approximately 35 and 48 mA, measured at the exit of the RFQ, are needed to achieve the current
and future target power requirements, respectively. The upgrade will also raise the accelerated beam
energy from 1 to 1.3 GeV and increasing the extracted beam current from the source will ensure
sufficient beam current at the exit of the RFQ. The SNS ion source now operates for service periods
of up to ∼4 months with a reliability of >99.5% using an internal antenna source [3, 5, 6].

This level of performance has come as a result of years of ion source research and development
which has focused on continuous improvement of the SNS ion source, antennas, LEBT and supporting
infrastructure [3, 5–8]. Today, the ion source R&D program is also focused on increasing the margin
of available beam current for future facility upgrade projects like the second target station. These
projects will require LEBT beam currents near the upper limit of its historical operating range and a
healthy RFQ and will therefore greatly benefit from increased output from the ion source within the
acceptance of the RFQ. See, for example ref. [7]. A secondary goal of the program is to develop the

– 1 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
C
1
2
0
1
1

Figure 1. Schematic cross-section of the SNS internal (right) and external antenna (left) ion source with
corresponding major components labeled. The inset (below) shows a detailed view of the source outlet
aperture and H− converter which is the same for both sources.

SNS external antenna source which will eliminate the small risk of using internal antennas which
are fabricated by a single vender using a proprietary process. Specifically, efforts are currently being
directed towards improving plasma ignition for this source which is more challenging due to the
external location of the antenna [7]. This report will detail some of our successful R&D efforts since
the last NIBS which include tests with a larger extraction aperture, improved plasma ignition in the
external antenna source, RF coupling efficiency measurements and improved electron dumping.

2 The SNS ion sources

Figure 1 shows the SNS internal and external antenna ion sources which have been described
previously [2, 3, 5]. Both are Cs-enhanced, RF-driven, multicusp ion sources, fed by a pulsed 2 MHz
RF generator (1 ms, 60 Hz) providing ∼50 kW of RF power to a helical antenna which forms a
high-density plasma within the discharge chamber. The plasma formed by inductive coupling feeds
a smaller low-temperature plasma region of the source. This low-temperature region is bounded
radially by a Cs collar (ϕ ∼ 1.9 cm) and it extends axially to the source outlet aperture (ϕ = 7 mm)
and upstream to a transverse ∼250 G magnetic filter field that divides each plasma region. Those
H− ions formed mostly in the low-temperature region, either on the surface or within the plasma
volume, can diffuse through the outlet aperture and are then accelerated into a beam by a ∼6 kV
biased electron dump electrode (see figure 1) and subsequently to 65 kV as the beam enters the
LEBT passing through a grounded extraction electrode. Electrons which are extracted along with the
negative ions are deflected out of the beam path by a ∼1600 G transverse magnetic field and mostly
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strike the electron dump electrode, although some travel into the LEBT and are dumped onto a
water-cooled electron target. Currently, the SNS uses one of 3 internal antenna ion sources for neutron
production (same design) as well as 3 research internal and 3 external antenna ion sources used on
the SNS test facilities. The outlet aperture assemblies (components downstream of the antenna) are
nearly identical and easily interchangeable between all internal and external antenna sources. These
sources differ in that the SNS internal antenna source employs a porcelain-enamel-coated Cu 2.5-turn
antenna immersed within the plasma chamber itself while the external antenna source employs a
∼7 mm thick AlN plasma chamber surrounded by a 3.5-turn Cu antenna. The internal antennas
are coated with a proprietary porcelain mixture to a thickness of ∼0.5 mm by a local vender [9].
The sources also employ different plasma ignition systems: the internal antenna utilizes ∼300 W of
continuously applied RF power (13.56 MHz) to create a continuous low-density discharge which
serves to quickly ignite the high-density plasma when pulsed 2 MHz power applied to the same
antenna. The external antenna source utilizes a plasma gun which continuously injects electrons into
the main plasma chamber facilitating ignition during the 2 MHz RF pulse. High-density plasma
ignition is more difficult in the external antenna source like due to the greater distance between the
antenna and plasma which results in reduced RF field strength and lower capacitive coupling.

3 Recent R&D efforts: exploring larger outlet apertures

In 2012 we studied variations in H− converter aperture diameters (see figure 1 inset) and found
that larger ones seemed to contribute to increased H− beam current from the ion source [8]. Since
then, we standardized this structure to have ϕ ∼ 8.2 mm (design = 7 mm) diameter apertures in
our production ion sources. At that time, we left the source outlet aperture diameter fixed ∼7 mm.
This year, due to the desire for higher beam current margins, we reconsidered increasing the source
outlet aperture diameter by ∼1 mm [10]. The approach of increasing the source outlet aperture
diameter was under consideration for some time at the SNS and was motivated by the following
factors: (i) potentially increasing beam current due to having a ∼30% larger plasma emission surface,
(ii) H2 flow out of source is restricted by conductance through 2 apertures and a cylindrical Cs collar.
Vacuum calculations suggest that only a modest flow increase will be needed to maintain equal
pressure in the source. (iii) Manageable increase of beam emittance with higher currents compared
to the RFQ acceptance: experience at J-PARC and beam simulations (see below) suggest emittance
growth should not significantly impact beam accepted into the RFQ.

Figure 2 shows PBGUNS simulations for beam extracted from the source and transported
through the electrostatic LEBT [11]. The simulation, shown in figure 2a, was performed using the
ϕ ∼ 7 mm source outlet aperture under nominal conditions. Simulations were then run under the
same conditions except with a larger ϕ ∼ 8 mm source outlet aperture as shown in figure 2b. Injected
current density and plasma parameters were set to match our experimentally observed beam current
and emittance for the nominal 7 mm source outlet aperture and held constant during the simulation
of the enlarged outlet aperture. Figure 3 shows the transverse emittance produced by the simulation
in the entrance plane to the RFQ as well as the approximate RFQ acceptance represented as a simple
ellipse. These plots show that similar fractions of the transportable beam current are within the
acceptance for both source outlet aperture sizes suggesting similar compatibility with the RFQ.

– 3 –
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Figure 2. PBGUNS beam profile simulations for beam extracted from the source and transported through the
LEBT for source for (a) nominal ϕ = 7 mm source outlet aperture and (b) enlarged ϕ = 8 mm source outlet
aperture with the same electrode potentials.

Figure 3. PBGUNS transverse emittance plots at the RFQ entrance (z = 154 mm) for (a) the nominal
ϕ = 7 mm aperture and (b) the enlarged ϕ = 8 mm aperture.

Figure 4 shows a plot of the multiday measured beam current extracted from a SNS production
ion source with an internal antenna during initial tests on the Ion Source Test Facility (ISTS) [12].
The source was first equipped with a ϕ = 7.2 mm (figure 4a) and then with a ϕ = 8.2 mm (figure 4b)
source outlet aperture and measurements were made using a faraday cup and a toroidal beam
current monitor located at the exit of the LEBT. The data show that 25–30% more beam current
(53 → 67 mA) could be extracted. In both cases, the source could be operated stably by feeding H2

gas at the rate of 30–40 SCCM into the source. As evident from the figure, the smaller aperture
operated toward the lower end of this range while the larger aperture seemed to require higher flows
toward the upper end of the range. RF power of ∼55 kW and acceleration voltage of ∼65 kV was
held constant over these measurements. Initial emittance measurements are being performed and
will be presented in a later article.

– 4 –
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Figure 4. Beam current measured from a SNS production, internal antenna ion source measured at the exit
of the LEBT using a (a) ϕ = 7.2 mm and (b) ϕ = 8.2 mm source outlet aperture. The measurements were
performed on the ISTS. RF power ∼55 kW and acceleration voltage of ∼65 kV were held constant.

4 Improving plasma ignition in the external antenna source

In recent years, R&D efforts related to the external antenna ion source was reduced in priority due
to reliable operation of the internal antenna on the SNS accelerator and having acquired a large
inventory of top-tier antennas (last failure on the SNS accelerator was ∼9 years ago) [12].

Recently, however, 2 second-tier internal antenna failures have occurred on source #4 at the
ISTS (7-11-22) and BTF (3-19-22) reminded us of the importance of having a contingency ion
source for the SNS. Previously, extensive long-term testing of the external antenna source on the BTF
during 2016–2020 revealed that reliable ignition of the plasma, over a run-period of several months,
was problematic due to inconsistent performance of the RF/DC plasma ignition gun over time [7].
This gun is pictured to the left in figure 1 and, as mentioned earlier, is required for reliable ignition of
the main 2 MHz plasma. To address this, a dedicated plasma gun test bench was constructed which
allows study and optimization of the gun itself. The bench consists of a vacuum chamber, pumped
by a 700 l/s turbo molecular pump, with flanges allowing the plasma gun to be directly mounted.
The gun can then be operated normally with output measured directly by a current collection probe
which could be positioned at various distances from the emission aperture of the gun. The bench
also houses DC (3 kV, 33 mA), pulsed (4 kV, 20 mA) and RF (13 MHz, 600 W) power supplies as

– 5 –
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Figure 5. (a) Cross sectional view of the new pulsed plasma gun which affixes to the rear of the external
antenna source shown in figure 1. (b) Typical voltage and current pulse shapes recorded with the Pico
scope during gun operation on the test bench for reference. Units are arbitrary with numerical values given
in figure 6.

well as a Pico scope and signal generator which were used to explore various configurations and
operational modes of the gun.

During experimentation with the RF/DC gun shown in figure 1 it became clear that lengthening
the W gun cathode, thereby reducing the cathode-anode gap to 3.5 cm and applying pulsed voltage
(1–4 kV) to the cathode eliminated the need for the 13 MHz RF antenna/power supply and resulted
in very stable plasma operation of the gun delivering comparable current to the collection probe. In
fact, when the gun was operated in this mode (0.5 ms, 60 Hz, 2600 V) a stable discharge was achieved
with ∼6 mA of discharge current and ∼1 mA collected on the probe located a few mm from the
emission aperture (ϕ = 2 mm) of the gun. This prototype configuration was then run unattended on
the test bench for ∼4 months holding these parameters. Next, this gun was refurbished and attached
to an external antenna ion source where it ignited the source reliably for ∼2 months on the ISTS
(1 ms, 3000 V, 6 mA, 60 Hz) with no loss of discharge current. These initial results, along with the
improved simplicity of eliminating the 13 MHz system, motivated us to design, build and test an
optimal pulsed-DC production quality plasma ignition gun.

Figure 5a shows the new pulsed plasma gun which mounts to the rear of the external antenna
source in place of the RF/DC plasma gun shown in figure 1. The more efficient nature of the pulsed
discharge (<1 W of dissipated power versus several hundred watts in the RF gun) allows the design
to be greatly simplified: eliminating the need for water cooling and the consequent elimination
of the internal o-rings. The gun discharge chamber utilizes an off-the-shelf Al2O3 break and a W
cathode and anode which features a ϕ = 2 mm emission aperture as used in the earlier RF/DC plasma
guns. An additional ceramic was also added over the anode to improve gun efficiency using the
hollow anode effect [13]. The anode-cathode gap was determined by the minimum of the Paschen
breakdown curve for the measured and calculated chamber pressure at the operating H2 feed-rate of
the ion source as all source gas flows through the gun. The gas and power efficiency of the gun were

– 6 –
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Figure 6. (a) Cathode (discharge) current drawn from the Trek power supply as a function of H2 flow into the
gun and voltage of the power supply. (b) Collector current from the probe located ∼3.5 cm from the emission
aperture. Straight lines connecting actual data points assist in visualization.

maximized by using electrostatic simulation software to ensure the electric field is uniform across the
discharge volume thereby eliminating regions of weak electric field which could choke the discharge
(<300 V/cm) [14]. The design also features gaseous H2 injection at source potential eliminating the
need for a dedicated HV break in the feedline as required in all earlier gun designs [7]. In addition,
the entire gun assembly shown in figure 5 is bakeable to ∼400 C.

Testing of the new pulsed plasma gun has begun on the test bench utilizing cathode voltage
pulses of width 0.5 ms and repetition rate of 60 Hz. Upon initial startup, the gun immediately
operated at the current limit of the power supply and therefore required a series limiting resistor
to stabilize the discharge. This was expected from the Paschen theory of glow discharges [14]. A
150 kΩ resistor was used to allow the gun to operate within the current limits of the pulsed power
supply. Figure 5b shows typical cathode and collector current and voltage pulse shapes measured
by the Pico scope in arbitrary units. The actual measured cathode and collector current values as
a function of H2 feed-rate (5–35 SCCM) and cathode voltage (0.5–3 kV) are plotted in figure 6.
Cathode current and voltage were measured from a monitor port on the pulsed power supply and the
collector current was measured using an unbiased movable probe located ∼3.5 cm from the emission
aperture of the gun. It should be noted that due to geometrical constraints the collection probe could
not be positioned as close to the emission aperture as in earlier measurements of the prototype gun.
Note that the plotted cathode voltage and current are read from the power supply and do not account
for the voltage drop through the series resistor.

These preliminary tests demonstrate that the pulsed plasma gun, shown in figure 5, can be
operated reliably over a wide range of H2 flow-rates and pulsed cathode voltages, igniting without
issue and emitting stable pulses of charged plasma particles. Power efficiency and available discharge
current greatly exceed earlier versions of the plasma ignition guns used with the SNS external antenna
source. Since optimum emission was found at ∼10 SCCM, about 1/3 of the nominal H2 flow-rate
for the ion source, future experiments will explore larger gun emission apertures. This should
significantly increase the emitted charged particle flux by allowing the gun to operate at optimal
pressure and benefit from increased emission area. The next steps, with regard to the development of
plasma gun, will be to (i) test with a larger aperture, (ii) modify the current collection probe to allow
close proximity to the emission aperture and (iii) test with an external antenna source on the ISTS.

– 7 –
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Another area of R&D effort since the last NIBS was to explore an alternative approach to
plasma ignition in the external antenna ion source: eliminating the plasma gun altogether and directly
feeding continuous, low-level, 13 MHz into the main 2 MHz antenna (see figure 1) as is routinely
done with the operational SNS internal antenna source. This was tried in earlier years on the external
antenna source without success. In recent experiments, circuit analysis software was used to modify
the 13 MHz matching network to accommodate the higher inductance of the external antenna. Next,
a Butterworth filter was added to the output of the 13 MHz generator to protect it from the high
2 MHz power. During testing the resonance tune of matching network was found to be sharply
peaked and required the use of a network analyzer to set the initial positions of the tuning capacitors.
This configuration was then tested for several weeks on the ISTS in January 2022 and ran stably but
required ∼500 W of 13 MHz power (nominal is ∼300 W for the internal antenna source) and ∼33–40
SCCM of H2 gas flow (nominal is ∼30 SCCM). We will continue to explore this option but, at this
time, the simplicity and dramatically higher power efficiency of the pulsed plasma gun seems more
attractive and more likely to support lower H2 flows which will benefit the overall H− ion source
performance. Some external antenna RF-sources used in other facilities also employ the plasma gun
approach to ignition [10, 15, 16].

5 2 MHz RF coupling efficiency measurements

In collaboration with RAL-ISIS [17] and following the methodology of Zielke [18] we conducted
RF coupling efficiency measurements with both the SNS internal and external ion sources. These
measurements were made to support modelling efforts which require the total RF power absorbed
by the plasma (i.e. power not lost to the RF structures) and are not directly related to ion creation
efficiency. Let η be the RF coupling efficiency and P𝑝 be the power absorbed by the plasma and P𝑔

be the net power delivered from the generator to the RF circuit as measured by a directional coupler
(i.e. forward power-reflected power). Let Ploss be the power lost to the transmission line, transformer,
matching circuit, RF antenna and ohmic heating of surrounding metal structures, etc. Then,

𝜂 =
𝑃𝑝

𝑃𝑔

=
𝑃𝑔 − 𝑃loss

𝑃𝑔

where 𝑃loss =
1
2
𝑅net𝐼

2
0 .

These losses can be quantified by an effective network resistance Rnet with I0 being the measured
RMS current circulating through the antenna and matching network as measured by a commercial
current transformer installed between the antenna and matching network. The experiment was
conducted on both internal and external antenna sources by scanning RF power from approximately
1 to 20 kW first with no plasma (no H2 gas flow) while recording antenna current and P𝑔 with
the matching network tuned for normal plasma operation. Since no plasma is being generated all
the transferred power from the generator is dissipated by the structure and therefore Ploss = Pg.
Plotting the measured P𝑔 versus 1/2 I2

0 reveals an essentially linear curve for both sources allowing
determination of the Rnet = 0.36Ω for the internal antenna source and 0.58Ω for the external antenna
source. Next, P𝑔 is determined with the source plasma lit as a function of I0 as power is increased to
operational levels. The above equation can then be solved for the RF coupling efficiency η for each
source at nominal power level and was found to be η = 55–60% for the external antenna source and
η = 75–77% for the internal antenna source [17, 18]. This can help explain why it is more difficult
to implement two-frequency excitation in an external versus an internal antenna source.

– 8 –
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Figure 7. Archived electron dump power supply voltage record spanning ∼1.5 years of ion source operation
on the BTF. Voltage decay over time is observed until the circuit was installed in March 2022.

Figure 8. Electron dump power supply isolation circuit used to stabilize the electron dump electrode voltage.

6 Improving the stability of the electron dump voltage

The final topic of the R&D efforts discussed here is related to improving a long-standing problem
of the electron dumping electrode voltage (+6.2 kV continuous) gradually sagging over the course
of long run periods on the SNS accelerator and test stands. For example, figure 7 shows this
phenomenon on the BTF during source operation from Jan 2021 to March 2022. At the beginning
of each H− pulse (during plasma ignition), electron spikes of several hundred mA are extracted
from the source plasma [19]. These current spikes of several hundred mA likely increase over the
course of a run (as Cs depletes) thereby encroaching on the 250 mA current limit of the power supply.
Current draw during and between RF pulses outside of these spikes are observed to be well within
the limit of the power supply during the entire run-period. To address this, the RC circuit shown in
figure 8 was added to the output of the power supply. This is similar to circuits tried at the SNS in
the past [19]. In general, during the current spike, this circuit will reduce the current drawn from the
power supply by a factor of Δt/RC, where Δt is the width of the electron current spike, by sourcing
this current from an external capacitor rather than directly from the power supply. This greatly
increases the pulsed current limit of the power supply. The configuration was installed on the BTF
in March 2022 and so far eliminated the gradual voltage decay over time as can be seen in figure 7.
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Similar success was achieved on the ISTS for over 4 months of operation and, in the future, we will
likely implement a version this circuit on the SNS accelerator after extensively testing on the BTF
and ISTS.
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