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A FIFTEEN YEAR PERSPECTIVE ON THE DESIGN AND PERFOMANCE
OF THE SNS ACCELERATOR

S. M. Cousineau, Oak Ridge National Laboratory, Oak Ridge, TN

Abstract

Construction of the Spallation Neutron Source (SNS)
accelerator began approximately fifteen years ago. Since
this time, the accelerator has broken new technological
ground with the operation of the world’s first supercon-
ducting H linac, the first liquid mercury target, and
1.4 MW of beam power. This talk will reflect on the is-
sues and concerns that drove key decisions during the
design phase, and will consider those decisions in the
context of the actual performance of the accelerator.
Noteworthy successes will be highlighted and lessons-
learned will be discussed. Finally, a look forward toward
the challenges associated with a higher power future at
SNS will be presented.

INTRODUCTION

The SNS accelerator was designed as a short pulse,
high power proton driver for neutron production. The top
levels goals of the accelerator are to provide 1.4 MW of
proton beam power with 90% reliability. The final proton
beam exiting the accelerator is composed of 1 us pulses of
1 GeV protons operating at a repetition rate of 60 Hz. A
third goal, related to the reliability metric, is to maintain
beam loss levels to the order of < 1 W/m, corresponding
to approximately 100 mrem/hr residual radiation at 30 cm
distance, throughout the accelerator in order to allow for
routine, hands on maintenance of system components.

To obtain the short pulse structure of the beam, an H
linac and accumulator ring combination was chosen.
From there, the design decisions for the subsystems were
driven by the high power, high reliability, low loss goals
stated previously. These decisions and their impact on
accelerator performance will be discussed in the forth-
coming sections, following a brief summary of the accel-
erator performance to date.

PERFORMANCE METRICS

The accelerator was commissioned beginning in 2002,
and the first neutrons were produced in 2006. The power
ramp up to took longer than planned due to difficulties in
the target systems [1]. The accelerator was operated in
production mode with 1.4 MW of beam power for the
first time in the fall of 2015. After this production cycle
resulted in a premature target failure, the beam power
power was reduced to 1.1 MW in a move to prioritize
reliability for the neutron users. The power will be
ramped back up in to 1.4 MW in a stepwise fashion over
the course of the next few years in a controlled study of
target cavitation damage versus beam power. Fig. 1 shows
the beam power evolution of the SNS accelerator since
the beginning of operations in 2006.
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Figure 1: SNS beam power evolution.

The accelerator reliability metric is defined as the num-
ber of hours of delivered neutron production divided by
the number of hours scheduled. Catastrophic equipment
failures such as target failures that result in long down-
times have major impact on the reliability metric. The
SNS has suffered seven premature target failures, as well
as one equipment failure in the MEBT with comparable
downtime. Target failures have progress from early life
failures due to manufacturing details to failures due to
cavitation damage at high power. Aside from these single
event failures, the remainder of the accelerator systems
are operating with very high reliability, as demonstrated
in Fig. 2, which shows the historical reliability metric
with and without the target and MEBT failures.
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Figure 2: SNS accelerator reliability metric.

Finally, while reliability and beam power are the met-
rics relevant to the neutron user program, for the accelera-
tor the level of residual radiation is top level consideration
which determines how efficiently equipment maintenance
can be performed. Table 1 below shows the activation
levels throughout the accelerator following the 1.4 MW
production run. With the exception of the ring injection
area, which was always anticipated to be hot, the activa-
tion is well below the 1 W/m criterion.
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Table 1: Activation 3-5 Hours after a 1.3 MW Production
Beam Run

Region Activation Level
(mrem/hr @ 30 cm)
DTL 2-30
CCL 8 -60
SCL 5-45
LEDP 90
HEBT General <5
HEBT DH25 90
Ring Injection 1000
Ring Extraction 80
Ring Collimation 90
Ring General 5-40

THE LINEAR ACCELERATOR

The linear accelerator is composed of a warm linac
DTL and CCL combo to a beam energy 186 MeV , fol-
lowed by a superconducting linac (SCL) with a medium
beta section ($=0.61) and a high beta section ((f=0.61) to
1 GeV. The superconducting technology was chosen over
the warm linac technology for a number of reasons, in-
cluding reduced cost of construction and operation, higher
availability compared to a warm linac, high vacuum to
beam-gas scattering, and a large bore aperture to reduce
beam loss. Since it was the world’s first H SCL, the per-
formance expectations were somewhat unknown, and the
choice was considered both high risk and high potential.
Although by now it is clear that the SCL has been a suc-
cess, the first decade of operation has offered a number of
surprises, both good and bad.

Expectations vs. Realities — SCL Cavities

The design gradients for the SCL cavities were
10.2 MV/m for the medium beta cavities, and 15.8 MV/m
for the high beta cavities. When the cavities were first
powered up at their design repetition rate of 60 Hz, the
gradients for the medium beta cavities were generally
above the design values, but the high beta cavities were
well below expectations, with some cavities unable to run
at all. The most majority of problems were associated
with electron activity in the cavities, which limited the
gradients to below design values for 51 cavities [2]. Due
to these issues, the SNS linac has not yet been run in
production with the design beam energy of 1 GeV. Much
progress has been made toward repairing defective cavi-
ties and improving field gradients through mechanisms
such as plasma processing, and the production beam en-
ergy is now 958 MeV. Fig. 3 shows the cavity gradients
versus design early in the operational cycle in 2007, and
during the 1.4 MW run in 2015.

One performance aspect that become apparent during
the process of removal and repairs of cavities is the ex-
ceptional flexibility and adaptability of the SCL. This is
due to the combination of a spare cavity to provide energy
reserve, and individually powered cavities that allow for
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retuning an rephasing to obtain the same beam energy for
the accumulator ring. The additional benefits of a digital
LLRF system that allows beam blanking, a robust BPM
system for time of flight measurements, and sophisticated
applications software make it possible to tune up the
entire SCL from scratch in a completely automated fash-
ion in 40 minutes, and to retune after a cavity loss in only
20 seconds [3]. This level of expediency was never imag-
ined during the design phase.
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Figure 3: SCL cavity gradients in 2007 (red), in 2016
(blue), and for design (black).

Expectations vs Realities - Beam Dynamics in
the Linac

Since the SNS SCL is the world’s first superconducting
H' linac and there was not wisdom and experience to be
garnered from elsewhere, simulations played a key role in
setting the performance expectations [4]. From simula-
tion work, it was initially thought that the SCL would be
tuned up with design cavity phases to preserve the longi-
tudinal match, and additionally to correlate the longitudi-
nal and transverse phase advances. Finally, it was ex-
pected that the beam would be transversely matched
throughout the entire linac, using matching algorithms
and the intermittent dedicated matching sections in the
linac. Between this model, and the very large bore in the
SCL, simulations predicted a negligible amount of beam
loss in the SCL region.

None of these expectations met reality. Regarding the
cavity phases, the SCL was first configured to a constant
focusing value (-18 degrees from the synchronous phase)
and the the final configuration resulted from tuning the
cavity phases on beam loss until the lowest beam loss
state was reached.

In the transverse plane, a significant and unanticipated
beam loss phenomenon has driven the lattice settings far
away from the initial design value. H™ intrabeam strip-
ping, which was not realized during the design stage,
lead to significant beam loss in the SCL. The loss mecha-
nism, which scales with beam density, and was confirmed
through an experiment which compared beam loss levels
for operating with protons and with H in the SCL [5]. To
mitigate beam loss from this mechanism, the quadrupoles
in the SCL have been reduced to approximately half of
their design values. Any further reduction from these
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values results in an increase in beam loss, which will be
discussed shortly.

Prior to the reduction in transverse focusing, the activa-
tion in the SCL was increasing with beam power at an
alarming rate. Fig. 4 shows the historic evolution of the
activation in the SCL, and the reduction in slope after the
defocusing was put in place. Clearly, if the design quad-
rupoles had been used for beam powers up to 1.4 MW, the
average activation in the SCL would have been
~100 mrem/hr, which falls into the regime of a high radia-
tion area that requires special work permit for mainte-
nance.

It is worth noting that the original SNS linac design
was a warm linac with approximately half the beam pipe
aperture. If this design had been chosen instead of the
large bore (76 mm diameter) SCL option, the SNS could
not have been able to simultaneously achieve its high
power goal while maintaining the < 1 W/m beam loss
standard. Operation at high power would have resulted in
high levels of residual radiation in the linac tunnel which
would have complicated maintenance and cause degrada-
tion of system components.

~100 mrem/hr @ 1.4 MW
for design quads
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Figure 4: Average SCL activation versus beam power.
The dashed line indicates the trend prior to reduced focus-
ing.

Following along the trend of breaking from the design
plans, the beam in the linear accelerator is not matched in
any of the three planes, nor do the transverse phase ad-
vances match the longitudinal phase advances [3]. In
practice, the beam envelope is arrived at through “mon-
key tuning” of the beam losses in the linac, and has sig-
nificant beating in all planes.

Early efforts to transversely match the beam in the linac
were thwarted hindered by an inability of the models to
reproduced the measured RMS values. A multi-year cam-
paign has now resulted in good agreement between model
and measurement in an RMS sense in the SCL in both the
longitudinal and transverse planes. The next steps in this
effort are to achieve the same agreement in the warm
linac, and then to apply control of the beam optics and
matching using these tools.

Even after the defocusing of the optics to reduce intra-
beam stripping, the transverse RMS beam size is still
small compared to the diameter SCL bore aperture. In
fact, the RMS is a factor of ~10 less than the bore size of
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76 mm. Therefore, remaining beam loss in the SCL is
likely due to extended beam halo. Presently, the source
and character of the beam halo is not understood, but
efforts are underway to resolve this problem.

Although the definition of “beam halo” is often disput-
ed, SNS adopts the convention from the 2014 Workshop
on Beam Halo Monitoring which defines beam halo as
10* — 107 of the beam intensity. Recently, a few diagnos-
tics systems have been upgraded to detect beam at this
level and efforts to utilize these diagnostics to understand
and control beam halo in the SNS linac are underway [6].

Expectation vs. Realities — The MEBT Chopper
System

One significant surprise which occurred outside of the
SCL was the performance of the MEBT chopper system.
The design of the SNS accelerator relied on two chopper
systems — the LEBT chopper and the MEBT chopper — to
provide the necessary microsecond beam structure for the
accumulator ring. The LEBT performs the initial chop-
ping, but leaves behind a 25 ns partially chopped beam
tails. It was assumed during design that the partially
chopped beam would fall outside of dynamic aperture and
result in unacceptable beam loss in the linac and beam in
gap in the ring. The fast MEBT chopper, with a rise time
of 5 ns was designed remove most of these tails.

The inclusion of this fast chopper severely con-
strained the design of the MEBT. A MEBT without the
fast chopper would have required four quadrupoles and
one rebuncher to match the beam into the first DTL tank.
On the other hand, the SNS MEBT required fourteen
quadrupoles and four rebunchers to achieve the proper
phase advance between chopper and antichopper.

While the MEBT chopper performed according to
specifications, it did not have an appreciable impact on
the beam loss in the linac. A small difference in the ex-
traction region loss in the accumulator ring was observed
with the MEBT chopper on, but since the losses were
already low in this region, there was no significant bene-
fit. In fall of 2014, the MEBT chopper target leaked and
flooded the entire MEBT. The recovery resulted in a
complete disassembly and reassembly of the MEBT,
requiring four weeks of unscheduled downtime.

THE ACCUMULATOR RING

The SNS accumulator ring, which has accumulated up
to 1.56el4 ppp is the most intense proton ring in the
world on a charge per pulse basis. In order to meet the
activation goals, beam loss must be kept on the order of
le-4 of the beam intensity. The design of the ring was
highly focused on controlling this beam loss and a variety
of both large and small investments were made to assure
that this goal was met. A detailed description of the design
can be found in [7]. Overall, the ring has performed ex-
tremely well and in fact, and could accept a higher beam
intensity while still maintaining reasonable loss levels.
Nonetheless, ten years after the start of operations, it is
interesting to the pose questions: What investments paid
off? What investments didn’t pay off? What was over-
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looked during the design and what was the consequence?
These are the questions that will be addressed in this
discussion.

High Payoff Investments

Probably the largest pay off investment in the ring was
the large beam aperture, which varies between 10 — 16 cm
in the collimation region, to 20 — 30 cm for the beam
pipes. The large aperture allows the beam to be injection
painted into a large area which subsequently reduces the
space charge tune shift and associated effects such as
resonance crossing. In practice, the entire aperture is used
during the accumulation cycle, which minimizes the foil
traversals and resulting beam loss in the injection region.
Another high payoff investment was the dual plane injec-
tion painting system, which allows independent painting
in each plane according to an arbitrary user defined wave-
form. The aim of the injection painting is two-fold: First,
to optimize the beam distribution for the target require-
ments, and second, to reduce the foil traversals and result-
ing injection beam loss. The impact of the latter goal can
be easily demonstrating by accumulating nearly identical
beam distributions with and without injection painting,
and comparing the resulting beam loss, as shown in Fig.
5. The beam loss for the case with no injection painting is

as much as five times more than the case with painting.

~ 1 MW Equivalent Beam Profiles
For Two Equal Emittance Beams
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Figure 5: Top - Transverse profiles for painted (blue) and
not painted (red) beams. Bottom - Injection area beam
loss monitor signals for the above profiles.

The third and final large payoff investment is the ring
collimation system. The collimation system is a two stage
system with a set of primary scrapers and three secondary
absorbers. The acceptance of the collimation system is
~300 pi mm mrad, significantly below the 480 pi ac-
ceptance of the remainder of the ring, ensuring that most
particles far outside of the beam core intercept the colli-
mation system instead of the beam pipe. While the prima-
ry scraper system has never been used during production,
mainly because it is not needed, the secondary absorbers
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are critical and are considered to be the main reason that
the remainder of the ring has very low activation.

Medium and Low Payoff Investments

Based on the experience of predecessor machines such
as the Protons Storage Ring (PSR) at Los Alamos, one of
the major concerns during the design of the SNS accumu-
lator ring was beam loss due to collective effects such as
space charge and instability. There was a significant con-
cern over the possibility of an intensity-limiting electron
proton (e-P) instability. As such, a number of pre-emptive
measures were taken to prevent the instability for 1.4 MW
operations. Most notably, the entire SNS vacuum chamber
was TiN coated to reduce the secondary emission yield
for electrons, and a 2™ harmonic RF stations was includ-
ed in the baseline RF buncher design to allow control of
the longitudinal beam distribution. In addition, both
clearing electrodes and clearing solenoids were installed,
and a instability feedback system was developed.

So far, there has not been any e-P instabilities during
production style SNS beam operations. Trace levels of e-P
activity are sometimes observed near the end of the beam
accumulation, but it does not result in any observable
beam loss. It is not possible to know if this success is due
to the TiN coating or not. To date there has been no need
for use of either the clearing electrodes or the suppression
solenoids, and in fact the solenoids have never been pow-
ered up. The e-P instability has been observed during
dedicated physics studies where the machine is config-
ured specifically to excite the instability, and during these
times the second harmonic has been shown to be a strong
knob in extinguishing the instability. The feedback sys-
tem, under development for the entire beam power ramp
up, is now able to reliably damp the instability, as de-
scribed in other works in these proceedings [8]. Along
with the second harmonic RF, this represents a robust
suite safety feature against the possibility of future e-P
instabilities at higher beam powers.

While the e-P instability was the primary concern in the
arena of collective effects, there was also significant at-
tention dedicated to avoiding space charge induced beam
resonances. The baseline lattice tunes of (6.23, 6.20) were
carefully chosen to be in a resonance free zone, and an-
other back up working point (6.4, 6.3) was carefully stud-
ied. In order to ensure that higher order resonances were
avoided for all both tune sets, a set of four of sextupole
families were installed in the ring to provide chromaticity
correction and tune spread reduction, and two octupole
corrector families for compensation of higher order reso-
nances. Normal and skew sextupoles were also installed.

To date, neither the sextupoles nor the octupoles, nor
any of the correctors of this order, have ever been used
during a production beam run. While the main sextupoles
are routinely used during beam physics studies, they have
not been shown to reduce beam loss in the ring. Although
it is possible that these magnets may become necessary
for higher power beam operations in the future, for the
time being, they are not nearly as critical as originally
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anticipated and a significant cost savings could have been
realized by excluding them from the baseline design.

Unanticipated Challenges

While the ring has operated mostly as planned from the
beginning, a few unforeseen issues have arisen, mainly in
the injection region.

The first issue results from a design change whose con-
sequences were not fully appreciated, and a lack of suffi-
cient modelling of the trajectories in the injection region.
The result was that it was not possible to obtain good
injection into the ring while simultaneously providing
clean transport of the waste beam to the injection dump.
Rectifying this problem required several modifications to
the injection region in the first few years after turn on [9].
These modifications included, but were not limited to: A
change in size and width of both the primary and second-
ary foil, and increase in the injection dump beamline
aperture, an increase in the injection dump line septum
magnet gap, and the installation of a new C-magnet in the
injection dump line.

A final unexpected challenge in the injection region is
associated with the convoy electrons, i.e., the electrons
which are stripped from the H. For the SNS 1.4 MW
beam power, these electrons constitute 1.6 kW of beam
power and hence need to be properly handled. The foil is
located in a magnetic field such that the electrons spiral
downward along the field lines and intercept an electron
catcher at the bottom of the vacuum chamber. The catch-
er is designed to capture the electrons and prevent reflec-
tion and out-scatter. However, due to a combination of
fabrication errors and due to the modifications in the
injection region, the electron catcher is not nor has ever
been in the correct position. As a result, a significant
number of electrons are reflected back toward the foil and
intercept the foil mounting bracket and the surrounding
beam pipe. This has caused damaged to the brackets lead-
ing to progressive changes in both the bracket geometry
and material to mitigate the damage [10]. In addition, the
catcher itself is suffering significant damage from the
electrons and will need to be redesigned in the future.

FUTURE CHALLENGES

The SNS facility is planning for a beam power upgrade
from the current baseline 1.4 MW to 2.8 MW to accom-
modate a second target station [11]. To achieve the new
beam power, the beam energy will be increase from 1.0
GeV to 1.3 GeV, and the ion beam current will have to be
increase from ~35 mA to ~50 mA, which is challenging.
The new parameters result in approximately the same
space charge tune shift in the accumulator ring, such that
space charge effects are not a major concern. However,
due to its highly nonlinear nature and notoriously unpre-
dictable behaviour, the e-P instability could still be an
issue. In addition, the beam power increase will result in a
significant increase in the foil temperatures ~ 300 K [9].
Because the current foil temperature is not known, and
because the sublimation rate versus temperature curve has
a large error bar, there is some concern over the sublima-
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tion rate of foils at the higher power. An effort is under-
way to measure the current foil temperatures to more
accurately predict the sublimation rate for 2.8 MW of
beam power.
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