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Abstract

The SNS linac output energy has increased since the start
of neutron production in FY2007. The various improve-
ments that contributed to the increase of the linac output
energy are LLRF/control system improvement, high volt-
age converter modulator system improvement, high-power
RF system improvement, cryomodule repairs, spare cry-
omodule development and accelerating gradient improve-
ment through in-situ plasma processing. In this paper, the
history of the SNS SCL output energy is reported, and
plans for the near-term future and for the Proton Power Up-
grade (PPU) project are also presented.

INTRODUCTION

The Spallation Neutron Source (SNS) at Oak Ridge Na-
tional Laboratory is the world’s most powerful accelerator-
based pulsed neutron source in operation that provides neu-
trons for probing material structures and properties. The
SNS accelerator consists of a 1-GeV linac, and accumula-
tor ring and various beam transport lines [1]. The super-
conducting linac (SCL) provides the major portion of the
beam acceleration and is considered the backbone of the
SNS accelerator. The SNS SCL houses eighty-one SRF
cavities in twenty-three cryomodules, eleven of which con-
tains three SRF cavities with geometric beta 0of 0.61 in each
structure, and twelve of which contains four SRF cavities
with geometric beta of 0.81 in each structure. The SNS
SCL is the world first mega-watt class hadron linear accel-
erator using superconducting radio-frequency (SRF) tech-
nology. Many performance and reliability required a learn-
ing curve, and it took time to understand the systems as a
whole, and to determine the need for additional perfor-
mance improvements [2].

The SCL system performance determines the beam en-
ergy at the target. Since the SNS operation for neutron pro-
duction for users started, the beam energy at 60 pulses-per-
second (pps) operation has evolved from 850 MeV to near
1 GeV. In the following sections, various efforts to achieve
higher beam energy at the target are introduced while pur-
suing higher beam power and higher beam availability.

EARLY STAGE OF OPERATION

Qualifying the components as a fully integrated system,
and identifying and understanding the limiting conditions
are critical to achieve reliable operation of cryomodules.
Since most sub-systems were not commissioned for the
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operation at the full duty factor in the early stage of the
SNS operation, the RF repetition rate was limited to 15 pps
or less in FY07, thus stable accelerating gradients for all
the SRF cavities were initially established at 15 pps. At a
repetition rate of 15 pps, the average limiting gradients of
the medium- and the high-beta cavities are 16.7 MV/m and
17.5 MV/m respectively, which exceed the design gradi-
ents. At 15 pps or lower, the individual limiting gradient
that is measured by powering one cavity in a cryomodule
at a time, are about the same as collective limits that are
measured while operating all the cavities in a cryomodule
simultaneously. Linac output energy of 1 GeV at 15 pps
was first achieved in February 2007.

At a repetition rate of 30 pps or higher, the limiting gra-
dients are reduced related to the thermal load from elec-
trons due to field emission and multipacting. Clear evi-
dence of collective effects limiting the operating gradients
of the SRF cavities has been observed at a repetition rate
of 30 pps and higher. The severity of the collective effects
is not only determined by the amplitude of the accelerating
gradients in the cavities of a cryomodule, but also by their
relative RF phases because both affect the trajectories of
the electrons, energies of the electrons and the locations
where the electrons impact on the cavity surfaces. Due to
the collective effects, cavities become thermally unstable
at lower gradients than the ones at lower repetition rate op-
eration, thus limiting the final Linac output energy.

The early stage of operation had been also dedicated for
system learning including peculiar behaviors of sub-com-
ponents such as cold cathode gauges and higher order
mode couplers. Observations and physical conditions near
the HOM couplers imply that HOM coupler failures or
degradation seem to be a result of electron activity origi-
nating from multipacting, field emission, and even gas dis-
charge at the fundamental mode. Several cavities showed
odd or excessive signals from HOM couplers and were
consequently operated at reduced accelerating gradients or
turned off. Interlocks and machine protections have been
improved based on results from the qualification studies
and from the accumulated operational experience.

Operation at 60 pps was established in FY08. Each cav-
ity was set at a maximum gradient based on the collective
limit of gradients rather than setting uniform gradients as
designed.

During the early stage of operation, the High Voltage
Converter Modulators (HVCMs) were not reliable at the
design voltage and the full duty factor. They were operated
at a reduced voltage that resulted in a maximum available
RF power of 450-500kW rather than the design value of
550kW. Dozens of cavities were limited by lack of RF
power at the design beam current. In 2009, one additional
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E HVCM was installed to relieve loads on the HVCMs and
5 to thus increase the HVCM voltage, which increased the
= 4.
2 linac output energy by 35 MeV.

ERRANT BEAM

Performance degradation that could be related with
beam, was first recognized in a few cavities during opera-
tion in 2009. After an intensive investigation, it was found
that ‘errant beam’ was the root cause of this issue. The term

> ‘errant beam’ at SNS refers to beam lost in the SCL from
@ off-energy beam generated mostly by upstream warm linac
£ RF cavity faults or by oddly shaped beam pulses from the
& ion source. The errant beam remains from the start of a
£ faulty condition until beam abortion by the machine pro-
S tection system. The beam energy deposited on SRF cavity
& surfaces desorbs gas that can create a discharge condition.
The severity of an event depends on the location where
§ the errant beam is lost, duration of the errant beam, and the
£ frequency of events that are associated with the condition
£ of errant beam sources (warm linac and ion source). The
é average number of errant beam events in the past at SNS
Z was about 30—40 times out of five million daily pulses.
£ Most errant beam events result in beam loss monitor trips
Té and sometimes small vacuum excursions. However, when
i similar events occur multiple times, there is a chance that
£ an errant beam event might lead to larger vacuum excur-
S sions and a following RF interaction could create an envi-
& ronment for severe discharge or arcing. The energy of one
Z mini pulse (about 1 ps beam) at the SN is up to 24 J. Since
£ the beam loading in the SNS superconducting RF cavities
i is high, the available RF power (550 kW) is large enough
& to create a dangerous discharge. Unwanted consequences
2 from errant beam events could be additional gas/particulate
= contamination or surface damage that leads to RF perfor-
((5 mance degradation. Component damage is also possible,
5 such as failures of power coupler ceramic windows. Vari-
% ous improvements have been implemented to minimize the
= number of errant beam events, such as careful conditioning
< for the ion source and the warm linac cavities, routine
> maintenance of vacuum systems, and continuous adjust-
v ment of operating parameters for warm linac cavities. Pres-
% ently, the frequency of errant beam events is less than 10
f times per day. In addition, a new dedicated protection sys-
S tem to abort the beam within 8 ps has been developed and
£ integrated into beam operation [3].

REPAIRS AND SPARE CRYOMODULE

Cryomodule repair activities continue to sustain cry-
omodule performance and reliability. The repair and recov-
“g’ ery of cryomodules includes: thermal cycling, removal of
2 piezo tuners and HOM coupler feedthroughs, replacement
2 of damaged parts such as fundamental power couplers, in-
£ strumentation, and repair of leaks developed during opera-
g tion. Six cryomodules have been removed from the tunnel
. for repairs since FY07.

The SNS established, as a priority, the capability to per-
form in-house repairs to SCL systems. This includes the
ework and repair of cryomodules, development of spare
ryomodules, research and development focused on
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improving existing cryomodule performance, and support
for the 1.4 MW operation as well as future upgrades for
increased capability.

One spare high beta cryomodule was developed by in-
house SNS resources and has been in service for neutron
production since summer 2012. All four cavities in this cry-
omodule are running at 16 MV/m limited by available RF
power and do not show measurable x-rays while running at
16 MV/m. The spare high beta cryomodule allows removal
of an operating high beta cryomodule for complex repairs
while maintaining the same beam energy. Rework is the
only option for the unrecoverable damages of cavity sur-
face and parts. There were some design changes for the
spare high beta cryomodule to comply with the pressure
vessel requirements. The development of a spare medium
beta cryomodule is in progress using the same design con-
cept as for the high beta spare. These design changes will
be also incorporated in the cryomodules for the SNS Proton
Power Upgrade (PPU) Project.

IN-SITU PLASMA PROCESSING FOR
PERFORMANCE IMPROVEMENT

From 2009 to 2012 the linac output energy achieved had
been 930 MeV. This energy level was set based on the col-
lective limits found at 60 pps and following addition ad-
justments from operational experiences. The energy was
increased to 940 MeV by installing the spare high beta cry-
omodule in the place of the worst performing cryomodule.

A 15% additional beam acceleration in the high beta cav-
ity section of the SCL was required to reach 1-GeV opera-
tion with an energy reserve. In-situ processing of SRF cav-
ities in the tunnel was identified as an important area of
research to improve the performances of the SNS SRF cav-
ities while minimizing the impact on machine operation
and reducing cost for the improvements. R&D for in-situ
processing using plasma has successfully demonstrated
that the accelerating gradients in operating cavities can be
increased by 2 MV/m or higher on average [4].

The plasma processing developed at the SNS mainly fo-
cuses on removal of residual hydro-carbons using low den-
sity reactive oxygen plasma at room temperature. The tech-
nique has so far been successfully applied to cavities in the
horizontal test apparatus, cavities in one off-line cryomod-
ule and cavities in seven of the cryomodules in the tunnel.
After applying in-situ plasma processing, reductions of
field emission, multipacting, vacuum activities and thermal
load in the end group have been observed. The linac output
energy was increased to 990 MeV after deploying the in-
situ technique on four cryomodules in the tunnel. The in-
situ plasma processing for three additional high beta cry-
omodules was completed in April 2018. Improvements of
the SRF cavities in these three cryomodules are being
measured. It is notable that no degradation has been ob-
served after deploying the in-situ plasma processing so far.

HISTORY OF SNS BEAM ENERGY

Figure 1 plots the SNS linac output energy at 60-pps op-
eration since FY0S. In this figure the numerical labels cor-
respond to the following descriptions:
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1) early stage learning curve, repair of two cryomodules,
and improvement of LLRF/control system for operation to
avoid nuisance cavity trips;

2) addition of one HVCM for high beta SRF cavities,
which increased available RF power for each SRF cavity
to the full design RF power of 550 kW and shortened the
cavity fill time to 250 ps;

3) first recognition of potential damages from errant
beam discussed in the previous section;

4) one cavity in each beta region disabled due to vacuum
leak through the FPC ceramic windows;

5) one high beta and one medium beta cryomodules out
from the tunnel for FPC replacements;

6) the spare high beta cryomodule is installed in the SCL
in replacement of the high beta cryomodule removed dur-
ing the same outage as item 5);

7) one medium beta cryomodule back to service after
FPC replacement;

8) several SRF cavities at slightly lower gradients for the
operation at the full duty factor;

9) replacement of the worst performing high beta cry-
omodule with the offline high beta cryomodule after FPC
replacement;

10) application of the in-situ plasma processing to a high
beta cryomodule;

11) application of the in-situ plasma processing to an-
other high beta cryomodule;

12) application of the in-situ plasma processing to two
additional cryomodules;

13) application of the in-situ plasma processing to three
additional cryomodules;

The qualification of cavity performance after item 13) is
in progress as of April 2018 and the output energy is ex-
pected to be 1 GeV with an increased energy margin.

SCL STRATEGY FOR PROTON POWER
UPGRADE PROJECT

The beam power of the linac for the PPU will be doubled
to 2.8 MW. Beam current will be increased by ~50%, and
seven additional cryomodules will be installed in the re-
served space at the end of the linac tunnel to produce linac
output energy of 1.3 GeV [5]. The design accelerating gra-
dient of the new cavities for PPU is 16 MV/m and each
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cavity will be fed by a 700-kW klystron.

The High Power RF (HPRF) systems for the existing
cavities will be kept the same for economic reasons. Since
the output power at saturation of existing HPRF systems is
550 kW, accelerating gradients of high performing high
beta cavities need to be lowered for the PPU beam loading.
The accelerating gradients of the existing cavities for the
PPU baseline assumes some of gradients for medium beta
cavities will be increased by plasma processing to better
utilize the available RF power in medium beta section.

SUMMARY

Significant testing and operational experience has led to
a better understanding of systems and their limiting condi-
tions in pulsed mode operation. The knowledge gained at
high duty factor operation has been used to prioritize tasks
for better reliability and additional performance improve-
ments.

SNS has conducted a multi-faceted approach to increase
the linac output energy to reach 1-GeV operation while
keeping the machine highly reliable. Through various ef-
forts, the linac output energy has been progressively in-
creased toward this goal. The availability of SRF cavities,
cryomodules and cryo-plant has been 99% or higher for the
last seven years.
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Figure 1: SNS beam energy history since FY08.
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