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- The Spallation Neutron Source (SNS): ion sources, festifacilifies andih
« Goals of the ion source R&D program

QA

- R&D efforts since last NIBs:
- Explore larger extraction apertures
- Improve plasma ignition in the external antenna
- RF coupling efficiency measurents
- Improve electron dumping

ORNL is managed by UT-Battelle, LLC for the US Department of Energy




The SNS Accelerator System Overview
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Goals of the lon Source R&D Program

Support 1.4 MW SNS operations

~35 mA from RFQ

Continuous improvements to the source, LEBT and infrastructure

Support future 2.8 MW SNS operations

~46 mA from RFQ

15t STS experiments ~2028

Will require LEBT beam current near the upper limit of its historical operating range and a healthy RFQ
Needs increased beam current margin

Fully develop the external antenna source

Eliminates the risk of the internal antennas (single vender using a proprietary process)
Needs to have equal or better reliability and performance than the internal antenna source
Needs reliable plasma ignition

Continue to contribute to the H- ion source intensity frontier

Collaborations and consultations with other laboratories — LANL, ISIS, CERN, J-Parc, SIPRC-ONRL, NanoSIMs-ORNL
Improved modelling of SNS and similar ion sources and LEBTs
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The SNS ion sources

8 Cs,CrO,
dispensers loaded
into the collar

Filter field 1 o

External Antenna Source
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Internal antenna source — Neutron production ion source for the SNS. Features an internal porcelain coated
antenna. Delivers 50-60 mA through the Low Energy Beam Transport (LEBT). Designed at LBNL and extensively
developed at ORNL.

External antenna source — Alternative ion source for the SNS. Features a AIN plasma chamber, external
antenna and uses an RF-assisted, DC plasma ignition gun.
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Recent R&D efforts: Explore larger extraction aperture
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In 2012 we studied variations in H- converter aperture diameters
and found that larger ones seemed to contribute to increased
H- beam current.

Since then, we standardized this structure to have ¢ ~8.2 mm
(design = 7mm) apertures in our production ion sources. We left
the outlet aperture diameter fixed ~7mm.

This year, due to the desire for higher beam current margins, we
reconsidered increasing the outlet aperture diameter by ~1 mm.

This work was motivated by the following factors:

* Increased beam current due to accessing ~30% more
plasma emission surface

» H, flow out of source is restricted by conductance through
2 apertures (one fixed). Simple vacuum calculations
suggest that a manageable flow increase of ~15% will be
needed to maintain pressure.

 Manageable increase of beam emittance - Experience at
J-Parc and beam simulations suggest emittance growth
should not significantly impact beam accepted into the

RFQ



Larger extraction aperture: Beam simulations
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PBGUNS simulations were
first performed to match
our experimental source
output with nominal
é~/mm outlet.

Simulations were then run
under the same
condifions expect with a
larger ~8 mm outlet
aperture

As expected, significantly
more beam current was
extracted for the same
plasma current densities

Emittance growth after
the LEBT was also found
to be only moderately
larger with similar beam
current injected into the
RFQ
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Larger extraction aperture
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Larger extraction aperture: Testing in ISTS

lon source #4, (|)=7,2 mm outlet lon source #4, (|)= 8.2 mm outlet
aperture 5/26/2022 — 7/13/2022 aperture 8/19/2022 - 9/12/2022
75 mA
« Production source #4 S
was tested on the ISTS 140
with both the nominal ~7
mm outlet aperture and
then with the ~8 mm ERE
aperture kb
. ~25-30% increase in
beam current was b
recorded with R
comparable power and 43
higher H2 flow EERE
« Currently measuring
emittance on ISTS
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Recent R&D efforts: External antenna source

- Effort was reduced in priority due to years of reliable internal . Built dedicated plasma gun test

bench to study plasma gun
directly

antenna operation on the SNS accelerator and large
inventory of Tier-1 antennas (last failure ~9 years ago)

« Recently we did have 2 x Tier-2 antenna failures on #4 at the
ISTS (7-11-22) and BTF (3-19-22).

« Testing on the external antenna source on the BTF 2016-2020
revealed plasma ignition gun was the primary issue with the
source.

Source removed Days RF set point LEBT beam MEBT beam
tested current current

Nov 28, 2016 Dec 9, 2016 ~11 days ~36 kW ~40 mA 5D measurements ho explicit

~35 kW ~44 mA Cesiationl, source removed to fest
~43 kW ~50 mA production source
x4 RI Jan 25, 2017 Feb 17 ~18 days ~32 kW ~45 mA ~40mA Lens 2 conditionind plﬂsma \gmhon
Cs collar inlgfGir

replacemgpf’a QA issue (scrqfch on
tube)

x3 RI May 1, 2017 June 14 ~29 days ~38 kW NA 40-45mA Gctor feedthrough resistors failed,
arcing in sagging isolation
Plasma ignition gun remains problematic! € " eeaan s’ « Vacuum chamber, 700l/s

x4 RI Jun 16,2017 Oct 29 ~70 days ~35 kW NA 40 mA

 DC, pulsed and RF power supplies
e * Probe to measure emitted plasma
i q‘.. had o |ncprleac§srgop ﬂUX

Woter s nfout o v » Pico scope and signal generator

ceramic chaxpber likely not polished
(update, polidging has completely
fixed these leakyon all subsequent

installatior®, (4-2020,

x4 LBNL Nov 15, 2019 March 21, 2020 ~110 days ~30kW ~45 mA 20-25mA Source pulled due t€ p-gun ignition
issues

x4 LBNL Aug 13,2018 June 14, 2018 ~125 days ~35kW ~45 mA ~25-30 mA

x3 LBNL June 24, 2019 June 27, 2019 ~2 days ~25kW NA ~12mA

The Plasma Gun Test Bench (TB)

x4 LBNL June 14, 2020 August 3, 2020 ~40 days ~30kW ~45 mA 15-25mA H2 gas mis calibrated flow much
greater than readback, short gun ok
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External antenna source ignition: pulsed DC p-gun

q
Pulsed __ 1
~2kV, 3.5cm
500us,
RF/DC plasma gun 60Hz Pulsed DC plasma gun

« We learned that if we extended the cathode of the RF/DC plasma gun and replaced the RF system with a
pulsed DC cathode power supply we could obtain comparable emission currents to the original RF/DC gun

* On the Test Bench we then ran the pulsed gun for ~4 months with ~1TmA collector current (0.5 ms, 2600V,
~6mA discharge current @ 60Hz)

 We then attached this gun to an ion source and ignited the source reliably for ~2 months on the ISTS (1 ms,
3000V, 6mA, 60Hz) with no loss of discharge current.

* Results encouraged us fo design a dedicated pulsed DC gun for use with a production external antenna
jon source....
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Design considerations for an optimal pulsed DC plasma gun

10*

Voltage (V)

» Design criteria for an optimal plasma gun:

* High electric field throughout the cathode-anode gap >7200
V/m with maximal axial uniformity

pd (cm Torr)

» OQutlet aperture dimensions: $=2 mm x L=2.5-3.2 mm which was Figure 2.3 Paschen Curve fo parlle plt arrangeme

gement in v.
1991. Appeared in Schiitze er al., 1998)

arious gases (Raizer,

shown to provide sufficient discharge pressure at nominal H,
flow

* Anode cathode gap: ~4 cm based on Paschen optimum for
pressures of ~0.4 Torr (measured and calculated)

» Ceramic constriction of anode current (hollow anode)

« Utilize gas injection at source potential — no ceramic break
* Minimize use of elastomer seals (UHV)

* Gun bakable 200-400 C

4.75x10° V/m 2x103 V/Im

11
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Mechanical design of the pulsed plasma gun

Plasma ignition gun

A
| 1

view port

cathode anode

/ |
ceramic
discharge

chamber H, in

|
External antenna ion source
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Electrostatic modelling of the new Pulsed DC P-gun
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Experimental characterization of Pulsed DC P-gun on TB

« Gun tested on P-gun on Test bench with pulsed Trek supply
(0.5-4kV, up to 20 mA, 0.5 ms, 60 Hz, 5-50 SCC™)

. Gun produced much more discharge current and requireda
series resistor, typically, 150 kQ to operate within the power
supply limit.

« Emitted plasma flux collected by a probe ~3.5 cm away from
outlet versus <lcm for pervious tests (arb units)

Trigger pulse (V)

Cathode Current

S
PTITLINS
LI

2 | Il Cathode current (mA)
= |
= 10 \
qt) 8 //_/" |
> [
O ¢ ]
0]
T 4
(@]
52 JO"" ———
O
O o —*
0 5 10 15 20 25 30 35 40
H2 Flow (SCCM)
—— —o—500 —e—1000 1500 —8—2000 —e—2500 —e—3000
Cathode voltage 14
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Experimental characterization of Pulsed DC P-gun on TB

Collector Current
« Next steps for Plasma gun

« Modify collector probe to allow normal
measurements 3.5 — 1 cm from outlet
250

- « Open aperture to shift Stoltow point to 30

SCCM the nominal operating flow of the
o ion source and increase charge flux
e « Conduct lifefime test on Test Bench

0 . . .
0 5 10 e Test with ion source on ISTS

H2 Flow (SCCM)

400
350
300

Collector current (UA)

(€]
(@)

e 500 —e—1000 o 1500 —-2000 —e—2500 —e—3000 « Next steps for External antenna source

Cathode voltage » Bring refurbishment practice to the
quality level as SNS production ion
sources: use written and complete build

. Probe data shows optimum output at 10 and feardown sheets .
SCCM indicating operation there near the « Address DI water corrosion of the AIN
Stoltow point of the Paschen discharge. chamber

« Parylene coatings after baking
« Oxidizing AIN surface 1300 C
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External antenna source ignition: Dual Frequency excitation

THE H ION SOURCE AND RF MATCHING NETWORKS

| Timing |

: scilloscope Beam
12 3 4
| ch ch ch ch
I . . .
i | lon Source « Alternative plasma ignition
dMHz 2z solation | scheme to using plasma
Amplifier Transformer : 220007 1 uH Ignl ﬂon gUﬂS
Input | |17 [Y¥Y] 400-600A Antenna o e .
Directional Al o | « Uses existing SNS internal
| Coupler ) | antenna ion source RF ignition
4. Gnd | 2 MHz Matching Network feskv system (2 +13MHz)
I
! In May of 2021 a brief proof-of-
BOW o | principle test was performed
Amplier  Transformer | using external antenna source.
oot N\, Two 13MHz generators were
Directional ::: dGmGged
Coupler ||I
: [
, Gnd |
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External antenna source ignition: Reconfigured matching network

« Butterworth filter added to protect
13MHz generator from 2 MHz

lon source RF systems with external antenna

e o s | WL LI ! « C4reduced to allow Cp to tune
| HEEEEEH N BRI | | from center of range to capture
: @V_sourcez R1 : :0? éo (l::’l‘\ : Rss i Rplasm % : resoncnce
i T o r— : | » Frequency domain simulation
| SER | e i shows power dissipated in the
1 1 T H eSS m J plasma max for both 2 and 13 MHz
- § « Network analyzer was then used to
dial in initial variable capacitor
A B A A e L settings prior to operation
800 nH |
e [ g 8 Lo Kae |
| 1 pF 12.5 pF 18pF_L1
filter | T %0%{\ :
¥ |

* In January of 2022
several weeks of ignition
were demonstrated with
the modified matching
neftwork.

« We plan to continue to
explore this option

13MHz Matching network

* New system ran well for several
weeks of operation in Jan 2022

* H, flow: ~33-42 SCCM

* 13 MHz power: 500W

* 2 MHz power: 45kW

%OAK RIDGE

National Laboratory
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Recent R&D efforts: RF power efficiency measurements

« Quantifies RF power delivered to the plasma not
ion creation efficiency

 Collaborative effort with RAL-ISIS

« Conducted at the end of the dual frequency

excitation experiments in February 2022 n = PPplasma _ Pge”;mt‘”' — Hloss
» Follows methodology of Dominikus Zielke J. Phys generator generator

D 54 155202 (2021)
* Poiasma: POWer absorbed by the plasma Pyenerator = Pforward— Preflected
*  Pgeneratorr POWET transferred from the generator
* P, fotal power lost in the transmission line, Ploss = %Rmmﬂg

transformer, matching circuit, RF antenna, ohmic
heating of surrounding metal structures, ...

« These losses are quantified by the (effective)
network resistance R, ook

« RMS values used

18
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Recent R&D efforts: RF power efficiency measurements

« The network resistance was measured for the SNS internal and external antenna sources by applying < 18 kW
power without hydrogen flow (no plasma) and measuring the antenna current.

« The RF efficiency was then determined at different RF powers using the network resistance and fwd/refl
powers at the amplifier

1 T T T T T
20 T \ | | T 0.8 [ 7
External antenna ™ e o o o o ® 00000000000
Internal antenna @
] .. 06 — |
15 Rpewwork from the slope of the linear fit .. . S =2 .
2 .-
= 10 | PR . Data from S. Lawrie et al., to
n:g‘ L’ ‘m 0.2 |- be submitted to J. Phys. D .
I L External antenna ™
s | m - u e | 0 Internallantenna 10 1 1 |
P 0 10 20 30 40 50 60
.l ) '-.a‘ p ¥ 0.36 Q RF power [kW]
0 -i"'" { { 1 , | The internal antenna source has higher RF efficiency, almost 80%
0 5000 10000 15000 20000 25000 30000
0.51p” [A?] This can provide some insight into why it is
Data from S. Lawrie et al., to be submitted to J. Phys. D more dlffICUH' to imp|emen1- dual frequency
excitation in an external versus an internal
antenna source 19
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Recent R&D efforts: Stabilizing electron dump voltage decay
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SNS operations had long contended
with a gradual sag of edump voltage
over a 3-4 month run period.

On the ISTS and BTF we implemented
several candidate isolation circuits,
gradually increasing capacitance until
finally setting on this one

R=100k ohms

I I

+8kV | [d —
250 mA | B |c=0 55UF

~0.1pF :

- (0] i
65 kV I B

-

Robert Welton NIBS October 2022

The initial spike of electrons released from the
plasma during the H- pulse and periodic arcing
events both to the source and to ground have
likely caused the electron dumping supply (+8kV,
250mA) to struggle to maintain voltage over time.

For example, we have observed AlI~300 mA, At
~100 pus electron spikes from the beam pulse and
know this can be much higher during arcing
events

Adding the RC circuit shown utilizes charge from
C to source/sink this current while R will isolate
and limit the current draw from the power supply.
The charge needed from the capacitor during the
spike is AQ = Al At = 30uC; when this charge is
consumed it will drop the voltage on the edump
AV=AQ/C~54V and will thus require an additional
current of Al = AV/R = 0.5 mA from the power
supply, well within range of the PS

We recognize stored energy increases from 2 —
10 J representing a risk but also note that the lon
source high voltage supply operates with ~30J.

20



Electron dump stabilization circuit: electron dump voltage

Electron dump voltage on BTF
Voltage decay

| | m Black=setpoint ~4 th
o . Red=read back AR monhs

_.r\}i ~q | g | ulilw/

6kV 1= TR \ 1 i
T\\ T~ ™ | ]

10"

u

S -

w2

o

E 4
T

4kvV F

3KV i

%KY

kv

Jan 2021 March 2022 July 2022

« Archieved electron dump voltage history on the BTF for 2021-2022.

» Electron dump voltage decay can be seen throughout the plot until March 21, 2022 when
the electron dump circuit was installed

« Similar benefit was realized with an identical circuit on the ISTS also for ~4 months

21
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Computer Modeling and Inter-laboratory Collaborations

Computer modeling has been a valuable tool in conducting ion source R&D and improving our ion sources

and LEBTs. We have employed PBGUNS, SIMION, IBSIMU, ANSYS, SOLIDWORKS, Infolytica, LORENTZ and CST
Studio. Recently we have expanded our tools to include COMSOL, SIMSCALE and Circuit lab

SIMION

The SNS ion source group participate in reviews and collaborations with many other
laboratories: LANL, J-PARC, MIT, ISIS, CERN, D-Pace, SIPRC-ORNL and NanoSIMS-ORNL.
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R&D highlights since the |last NIBs

« The idea of simply opening the outlet aperture resulted in the
extraction of significantly more beam current from the ion
source. If emittance measurements are good this could be a
significant step towards achieving the margin needed for
future SNS facility upgrades.

« A production pulsed-plasma gun has been designed, built and
tested on the Test bench. Performance greatly exceeds
earlier versions; it now awaits testing with the SNS external
anftenna ion source

« A voltage stabilizing electron dump circuit has been
incorporated into the BTF and ISTS eliminating voltage droop
over time. It will be incorporated into the SNS production
accelerator.

« Qur group plans to significantly expand modelling capabilities
and continues to foster many collaborations with other
laboratories
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Supplemental slides
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The SNS ion source test facilities

« Allion sources can be used interchangeably between the 3 facilities

lon source

LEBT

RFQ

Diag. in MEBT
(beam current
and emittance)

lon source

LEBT

RFQ

Diag. in MEBT
(lbeam current
and emittance)

lon source
LEBT

BCM, FC,
emittance

Vacuum chamber
DC, pulsed and RF
power supplies
Probe to measure
emitted plasma
flux

Pico scope and
signal generator

(c) The Beam Test Facility (BTF) (d) The Plasma Gun Test Bench (TB)

%OAK RIDGE

National Laboratory
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External antenna source ignition: Plasma gun ftest bench

« In order to test and optimize plasma ignition l S SCLM

guns we constructed a stand-alone, test

bench capable of nominal gun operation in
vacuum directly measuring output of the |
gun under nominal H, flow conditions e

* 13 MHz 600W RF supply

« DC 3000V supply

« Pulsed 4kV, 20mA supply

« 700 I/s turbomolecular pump

« Signal generator & Pico scope

Collector electrode ~1 cm
downstream of cathode

OAK RIDGE

National Laboratory
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Recent internal antenna failure at the BTF and ISTS

« Overall, the SNS accelerator ion source continues to perform extremely well, see talk by B. Han

« These sources uses a top-tier porcelain enamel coated internal antennas essentially free of
surface defects and coating thickness uniformity held to a tight tolerance. It usually runs for 3-4
months with minimal variations in source parameters, no failures of these antennas in ~9 years on
the SNS accelerator!

« BTF and ISTS ion sources utilize near top-tier antennas, are replaced more frequently and often
operated over a wide range of parameters

« Recently we had 2 antenna failures at these ancillary facilities both from source #4. One failed
on the ISTS very early in the run and the other after ~4 months of very higher power operation on
the BTF

« These events and the risk of having a sole-source antenna vendor remind us of the importance of
continuing to develop the external antenna source

Antenna failure:
Source #4, BTF, 3-19-22, earlier H2 bottle depletion Source #4, ISTS, 7-11-22, near startfup
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Brief History of lon Source R&D at the SNS

Key research and development accomplishments of the SNS ion source group

A\

YV V V VYV VYV VYV V

OAK RIDGE

National Laboratory

Increased average beam current from the RFQ by more than an order of magnitude since the beginning of the SNS.
~20mA at <1% duty-factor, 2 weeks - ~35mA at 6%, 4 months, >99.5% reliability

Redesigned the SNS internal antenna and developed a highly optimized coating and selection process with Cherokee Porcelain
essentially eliminating frequent antenna failures

Redesigned Cs collar and converter

Redesigned the mechanical structure of the operational LEBT greatly improving reliability

Designed, built and currently testing an external antenna ion source which has demonstrated several >100 days runs on the BTF
Implemented significant upgrades to the SNS front end ion source systems in 2018 and moved RF generators to ground
Developed a LEBT beam current measurement technique allowing RFQ transmission measurement

Designed, developed, and deployed all ion source infrastructure for the Beam Test Facility (BTF)

Today the SNS ion source delivers ~9 A-hours per run - significantly more than other comparable H- facilities (ICIS Brightness
award in 2017)

29
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