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DESIGN AND CONSTRUCTION SUMMARY*

Jie Wei'
for the Spallation-Neutron Source Collaboration, USA

Abstract

After six years, the delivery of componentsfor the Spal-
lation Neutron Source (SNS) accumulator ring (AR) and
the transportlineswas completedin Spring 2005. Designed
to deliver 1.5 MW beam power (15 x10* protons of 1
GeV Kkinetic energy at a repetition rate of 60 Hz), stringent
measures were implemented in the fabrication, test, and
assembly to ensure the quality of the accelerator systems..
This paper summarizesthe design, R&D, and construction
of the ring and transport systems.

INTRODUCTION

The SNS ring and transport lines designed and con-
structed mainly by the Brookhaven National Laboratory,

will accumulate pulses of 1.5x 10 protons of 1GeV ki- -.
netic energy at a repetition rate of 60 Hz (Table 1) [Il. The .
cost is about US$10.4M in R&D, US$9.2M in accelerator -

Table 1: Major parameters of the SNS accumulator ring,
High Energy Beam.Transport (HEBT), and Ring to Target

Transport(RTBT).:
Ouantitv Value
Circumference 248.0m
HEBT, RTBT length 169,151 m
Beam energy 1GeV
Magnetic rigidity, Bp 5.657 Tm -
Average beam power 1.5 MW~
Repetitionrate 60 Hz
Number of protons per pulse 1.5x101*
Revolution frequency 1.058MHz
Peak RF voltage (h=1, 2) (40,20) kV
Unnorm. emittance(e; + £, 99%) 240 Tpm
Betatron acceptance 480 pm
RF momentum acceptance +1%
Transverse tunes (vz, vy) 6.23,6.20
Transitionenergy, yr 5.23
Natural chromaticities(¢;, &) -7.9, —-6.9

No. of super-periods 4

No. of dipole (ring, HEBT, RTBT) 39,9, 1
Ring dipolefield 0.7406 T
Ring dipole gap height 170 mm
No. of quad (ring, HEBT, RTBT) 53,40,32 .
Ring quad inner diameter 210-300 mm
No. of sextupole (ring, HEBT, RTBT) 20, 0,.0
Vacuum pressure, ring 1078 Torr

* SNS is managed by UT-Battelle, LLC, under: contract DE-ACOS5-

000R22725 for the U.S. Department of Energy. SNS is a partnership-- «

of six national laboratories: Argonne, Brookhaven, Jefferson,, Lawrence
Berkeley, Los Alamos, and Oak Ridge.
Tjwei@bnl.gov

controls,and US$113.7M in constructionincluding the ac-
celeratorphysics role as well as the major subsystem deliv-
ery of magnets, power supplies, collimators, vacuum sys-
tem, radio-frequency(RF) equipment, and instrumentation
(Fig. 1). The total effortinvolved about 500 BNL full-time-
equivalent-year personnel responsible for the manufacture
of 331 magnets, 504 vacuum chambers, 22 collimatorsand
scrapers, 283 power supplies, 4 RF cavities, and 441 diag-
nostics devices. Tunnel and infrastructure construction,tar-
get interface, installation, and commissioning are ORNL's
responsibilitynot discussed in this paper.
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Figure 1: SNSring construction cost by subsystems.

R&D PROJECTS
The R&D program mainly consisted of the conceptual
design, the optimization of the lattices, and the study of
beam collimation,strippingfoil, and electron-cloudeffects.

Beam collimation,

Beam collimation of above 90% efficiency is key to re-
ducing uncontrolled beam-loss for hands-on maintenance
of the accelerator. Early demonstration of the two-stage
collimation wasperformed at high energy at the CERN
SPS. The SNS collimation studies were performed at 1.3
GeV kinetic energy at the IHEP U70 ring, Protvino, evalu-
ating collimationefficiency in the presence of thin scrapers
of carbon, silicon, and tungsten material, as well as bent
crystals[2].

Several innovative ideas were adopted in the SNS col-
limation system. Double-walledInconel 718 filled with a
pressurized helium gas was used for the collimator beam
tube to resist radiation damage and thermo-mechanical
shock, and to facilitate leak detection[3; 4]. Tantalumwas
chosenforthe thin scrapersfor its large Coulombscattering
angle and durabilityunder radiation. Layers of particle bed
of stainless-steelspheres were used to absorb the transient
heat load from the beam pulse [5]:



Stripping foil
The :goal : is single-edge supported foils of density
~300pg/cm? lasting for at least days of operation under

a 15 MW H« beam. Foil lifetime tests were performedat . ,

BNL Linacwith the 750keV H:= beam simulatingthe con-
dition of comparablefoil temperature peaking above 3000
K. Chemical-vapor-deposited diamond foils demonstrated

superiorquality [6]. A quick-exchangemechanism was de-.

veloped accommodatingup to 24 foils allowing weeks of
uninterrupted: operations. Radiation-resistantvideo cam-
eras and lenses are used to monitor the performance.

Electron-cloud effects

Because of the high beam :intensity, in an accumula-
tor ring, beam-induced electron cloud is likely to be an
intensity-limitingeffect. Experiments were performed at
the BNL Tandem to evaluate the grazing-angledependence

of electron secondary-emissionyield (SEY) upon the in-.

cident proton beam on regular and saw-tooth surfaces [7].
SurfaceTiN coatingparameterswere determined with SEY
measurementof the coated samplesat CERN [8, 9]. Exten-
sive computer simulations were performed to benchmark
the observationsat the LANL PSR [10].

DESIGN ITERATIONS

Design iterations occurred mostly in the early stages of
construction. While challenging the project coordination,
such iterationsmaximizedthe acceleratorpotential and op-
timized the deliverables within budgetary boundaries.

RCS versusAR *

A study was performed comparing the AR to a rapid-
cycling-synchrotron (RCS) design: a 60 Hz, 400 MeV linac
feeds two, vertically stacked RCSs accelerating the proton
beam to 2 GeV energy. The biggest challengeto the RCS
design is from the stringent (1 W/m) beam-loss criterion:
although relaxed by a factor of 5, still only 0.4% uncon-
trolled loss is allowed for a 2 MW beam power assuming
90% collimation efficiency. Unlike AR, the RCSs operat-
ing at 30 Hz require a high RF voltage for acceleration, a
large apertureto accommodatethe space charge at a lower
energy, ceramic vacuum pipes with detailed RF shielding,
and high-performance power supplies. Minimization of
magnetic errors due to eddy current, ramping, saturation,
and power-supply tracking is non-trivial. The study con-
cluded that the required RCS design was technically more
demandingand less cost effective [11].

Ring layout

A ring lattice of four-fold symmetry was chosen over
the three-fold, so that four dispersion-freestraight sections
could each house injection, collimation, RF, and extraction:
The original o transport-line layout was replaced by an £
layout. Both decisions facilitate hands-on maintenance.

Ring FODO-doublet lattice'.
The ring straight lattice was changed from FODO to
doubletto improveinjectionand collimationefficiency [1]..

The ring FODO arc, matchedto the straight, allows for easy
optical corrections.

1.3 GeVlinac compatibility

Compatible with the potential of upgrading the super-
conducting RF linac energy from 1.0 to 13 GeV for a
higher beam power, the ring circumference was increased
from 220 m to 248 m. The 12.5 m-long uninterrupted
straight reserved space for future, longer magnets for low-
loss injection, and space for additional extraction kickers.
All power supplies-were specified for 1.3-GeV operation
with a 10% margin. Magnetic interference between nearby
magnetswas closely monitored and compensated.

Injection system optimization.

With the doubletstraight lattice, the injection systemwas
re-designed with a symmetric layout. The lattice quads
were removed from the ring H+/H® injection channel, so
that the lattice tuning was largely decoupled from the in-
jection tuning [1]. Compensated, tapered magnets guide
the strippedelectronsto the collector[12].

Extraction system optimization

With kicker magnets located inside the vacuum chamber,
the high-permeability material of the extraction systém is
the leading source of external beam-coupling impedance.
Several iterationswere made to the kicker magnets and the
PFN circuit: enlarging the kicker width, terminating the
PFN with a 250 resistance, and shielding the termination.
Saturableinductorsare used to isolate the PFN, shortenthe
rise time, and improvethe pulse flatness[13].

Chromatic sextupole

Chromatic sextupoleswere incorporated at a later stage
of construction. Four-family sextupoles are arranged in 4-
fold ring lattice symmetryto provide chromatic tuning and
damping adjustments over the full momentum range with-
out compromisingthe dynamic aperture [14].

HEBT energy corrector/spreader

The HEBT energy correctorand spreader are designedto
reduce longitudinalbeam halo and to facilitate longitudinal
painting. Implementationis expectedbefore the accelerator
reaches the full-power capacity.

CONSTRUCTIONISSUES

During the construction,technical issues were constantly
identified and resolved, demanding fast and close interac-
tion between the physicists, engineers, and the vendors.

Magnet field qualityiterations

Magnet measurementsplayed a key role in both finaliz-
ing the design and qualifying each production magnet. It-
erationswere made on every kind of magnet toward design
expectation of magnetic accuracy at 10~ for main dipoles
and quads, 102 for sextupoles, chicane and transport mag- .
nets, and 1072 for correctors at full 4807 um acceptance
[15, 16]: Exceptions include a large (0.19x 10 ~2) system-
atic 20th pole on narrow-width quads in the straightswhose



effects are negligible during the 1 ms accumulation, and
large (6%) decapole in multi-coil skew-sextupole correc-
tors [17]:

Magnet transferfunction iterations

Excessive variations (up to 0.25%) in the magnet trans-
fer function were measured among both dipoles and quads
of solid-steel cores [16]. The dipoles were shimmed with
iron sheets to achieve below 104 variation for 1GeV op-
eration, and sorted according to 1.3 GeV measurementdata
to minimize orbit corrector strength. The ring quads were
partly sorted according to the power-supply family, and
partly shimmed to achieve below 10~4 variation among

each family. Excessive(~ 137 Gm) residual field measured.

near the ends of the circulating beam pipe of the Lambert-
son extraction magnet was reduced by shielding with iron
pieces [17].

Injection trial:assembly

The injection section containsthe incoming line from the
HEBT, the outgoing line to the injection dump, and the ring
straight section with chicane, septum, and bump magnets,
stripping foil and electron collection assemblies, and diag-

nostics. The sectionwas trial assembled at BNL identifying.

many mechanical interferences. Edges of the narrow-body
quads had.to be trimmed and repatched to ensure proper
magnetic transfer function at all design currents [17):

Diagnostics replanning

Implemented ring and transport diagnostics include full
systems of beam position, loss, current, and foil video mon-
itors, as well as beamline components of beam-in-gap and
ionization profile monitors, coherent/incoherent tune mea-
surements, and electron detectors. A replanningwas neces-
sary to ensure the completion of the essential systems with
limited funds. Such systems were successfully tested dur-
ing the SNS linac commissioning [18].

Global coordinatesconfirmation

Global coordinates used for component installation were
first generated from the design optics and mechanical draw-
ings and then confirmedwith the actual component survey.
This process identified many mismatches. In one case, the
edge (instead of the center) of the quad was mistakenly
used as a reference; the difference between the mechanical
and effective length of the magnet led to a 5 cm shift of the
manufactured extraction kicker assembly. Fortunately, the
engineering margin in the kicker power supplies allowed
easy adjustments of the optics with no loss of acceptance.

Infrastructure matching:

Infrastructure parameters include power supply ratings,
cooling water capacity and pressure, tunnel 3D geometry,
overhead crane capacity and height, and operating temper-
ature [19]. Parameter matching has been challenged by
the need to minimize the engineering margin for budgetary
savings, the design changes (e.g. addition of sextupoles;in-
crease in tunnel temperature, magnet resistance, and power
supplies), and the growing demands.

Engineering issues

Other resolved engineering issues include copper-to-
stainless steel brazing,. radiation-hardened magnet coil
leak identificationand repair, prevention of shipping dam-
age resulting from long transport journey.to ORNL; and
safety precautions during the measurement of the radiation-
hardened magnets to avoid overheating.

LESSONS LEARNED

Among the overall positive experience of a multi-- .
laboratory collaboration are some debatable lessons.

Direct and active communications at every working level
between BNL and ORNL, and between BNL and every
major vendors, are crucial to the project coordination. An
early start of weekly conferences, frequentvisits, and moti-
vated responsibility assignment can enhance understanding
and avoid work replanning.

Even though the use of solid-steel, as opposed to lami-:
nated steel, magnet cores led to later complications of mag-
net measurement and shimming, overall a cost saving was
realized. The ring design does. not allow in-situ baking
of vacuum chambers that would be needed for alternative
NEG film coating.

More extensive 3D magnet modeling with actual geom-
etry and material may reduce later measurement iterations.

SUMMARY

Quality has been BNL’s first priority through the entire
project. After six years and with the help from the collab-
oration, BNL has completed the project scope on time and
within budget with minimal contingency draw. The strate- .
gic plan also allows for a straightforward upgrade towards
higher beam energy and power.

We are indebted to the SNS teams and our collaborators
for their devotion and contributions.
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