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Abstract

The Spallation Neutron Source (SNS) under construc-
tion at Oak Ridge National Laboratory will operate with
very high beam power and very strict beam loss require-
ments. A two stage collimation system will be used in the
accumulator ring to localize beam loss and keep residual ra-
diation to a level that will allow for hands-on maintenance
of the machine. The collimators will also be used in con-
junction with a set of fast kickers to remove the beam from
the gap before the rise of the extraction kickers. We have
installed a full-scale collimation package into the ORBIT
particle-in-cell tracking code, and have used it optimize
both the collimation system and the beam-in-gap cleaning
process. Results of the studies are presented here.

1 INTRODUCTION

The Spallation Neutron Source currently under con-
struction at Oak Ridge National Laboratory will deliver
1.4 × 1014 to a liquid mercury target at a frequency of
60Hz to create the most intense source of neutrons in the
world. Due to the very high beam power, unprecedented
control of beam loss will be required in order to minimize
radiation activation of the machine and allow for hands-on-
maintenance in most areas. In the accumulator ring specif-
ically, uncontrolled beam losses are not to exceed 1×10−4

of the total beam intensity, or 1 W/m around the ring. Loss
levels of this order can not be achieved without the use
of collimators that capture high emittance particles before
they intercept the machine aperture. For this purpose, the
SNS ring will employ a sophisticated two-stage collima-
tion system composed of four adjustable primary scrapers
and four fixed-aperture secondary absorbers. The system is
designed to absorb either 1 × 10−3 of the beam intensity
during every accumulation cycle, or two full beam pulses
in the event of a failure scenario.

In addition to scraping the beam halo, the collimation
system, together with a set of fast stripline kickers, will
provide a means of cleaning the beam in the gap before the
rise of the extraction kickers. The beam gap is expected to
reach the 1× 10−4 intensity level during accumulation due
to effects such as nuclear scattering and energy loss at the
foil, RF noise, and collimation inefficiency. Loss of these
particles during the rise of the extraction kicker fields trans-
lates into over 100W of power deposition on the extraction
region, far in excess of the 1W/m safety level. The pro-
posed solution is to use the stripline kickers to excite the
beam in the gap on the betatron resonance and deposit it

into the collimation system before the rise of the kickers.
To optimize both the beam in gap (BIG) cleaning pro-

cess and the collimation system in general, we have in-
stalled a complete collimation package into the particle-
in-cell tracking code, ORBIT [2]. The structure of the
collimation routine is modeled after a standalone collima-
tion code K2 [3], with routines adapted specifically for the
SNS energy range. Physical processes included are mul-
tiple coulomb scattering, ionization energy loss, nuclear
inelastic absorption and nuclear elastic scattering, ruther-
ford scattering, and a detailed treatment of the collimator
edge. The ORBIT framework provides a realistic acceler-
ator environment and a complete suite of diagnostics that,
combined with the collimation package, allow for detailed
studies of how the beam interacts with the collimation sys-
tem. We have used this program to optimize several param-
eters of the collimation system, to determine uncontrolled
loss distributions around the ring, and to test the full beam
in gap cleaning process. We dedicate the first half of this
paper to optimization work associated solely with the colli-
mation system, and the balance to the beam in gap cleaning
simulations.

2 COLLIMATION SYSTEM
OPTIMIZATION

Much of the design work for the collimators was com-
pleted before installation of the ORBIT collimation pack-
age, and detailed descriptions of the system have been pub-
lished [3]. The goal of our work was not to redesign the
system but to fine-tune such parameters as primary scraper
thickness and material, aperture shape, and collimator lo-
cation. A few results are discussed here.

In a two-stage collimation system, particles first inter-
cept the primary collimators (scrapers) where they are im-
parted a momentum kick. For betatron collimation, the
momentum must be translated into displacement before ab-
sorption by the secondary collimators can occur. An ana-
lytic expression exists for the optimum phase advance be-
tween the primary collimator that induces the kick and the
secondary collimator that performs the absorption:

cos(∆µ) =
√

(ε1/ε2) (1)

Where ∆µ is the phase advance, and ε1 and ε2 are the
emittance apertures of the primary and secondary collima-
tors, respectively. This phase advance provides the clean-
est absorption of the scraped beam by the secondary col-
limators. However, the equation neglects the existence of
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other limiting machine apertures. The multiple-coulomb-
scattered beam is gaussian in nature and possesses a long
tail that risks interaction with limiting ring apertures be-
fore optimum phase advance is reached. In the case of the
phase-optimized SNS system, the scraped beam must ne-
gotiate two quadrupole doublets and over twelve meters of
vacuum pipe in its passage from the primary scraper to the
last of the secondary absorbers. Collimation simulations
which include both beam pipe and quadrupole apertures
show that about 7-8% of the scraped beam is lost in the
vicinity of the second quadrupole doublet instead of the
intended collimator. This motivates a change in location
of the last collimator from after the quadrupole doublet to
just before the doublet. The new arrangement represents a
compromise between optimum phase advance and limiting
geometric aperture. Simulations with the new layout result
in almost no losses on the doublet, and an overall efficiency
increase of about 7%. The separation of the last collimator
from its optimum phase advance does allow a portion of
the scraped beam to escape the collimation system, but it
is below the limiting ring aperture therefore completes the
turn without interaction and is collimated on a subsequent
pass through the system.

The role of the primary collimators, or the “scrapers”,
is to kick the halo particles into large emittances without
significantly changing the beam energy. The SNS primary
collimator is comprised of four tantalum scrapers mounted
on copper supports at angles of 0, 45, 90, and -45 degrees.
Tantalum is chosen for its high melting point and good
durability. The thickness of the scraper determines the im-
pact parameters of particles on the secondaries, which in
turn influences the absorption efficiency of these collima-
tors. Figure 1 shows the dependence of the individual col-
limator efficiencies on the scraper thickness, where we in-
voke the definition efficiency ≡ #absorbed

#impacted , and normal-
ize to the maximum efficiency (about 90%).
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Figure 1: Individual collimator efficiency versus scraper
thickness.

It is clear that the thicker scrapers provide better absorp-
tion efficiency. However, too thick of a scraper leads to
scraped beam intercepting the quadrupole and beam pipe
apertures before reaching the collimators. Based on our
studies, the optimum scraper thickness for the SNS system
appears to be ≈ 4.0mm.

Figure 2 demonstrates the effect of the fully optimized

collimation system. The scrapers aperture was set to
200πmm · mrad, and about 15% of the initial gaussian
beam distribution exceeded that value. The initial emit-
tance profile of the beam is plotted along with emittance
profiles after 10 turns and after 100 turns. After 10 turns
around the machine, the beam halo is almost completely
absorbed. Since betatron phasing ensures that at least few
turns will be needed for all of the halo to intercept the
scrapers, a 10 turn cleaning success implies almost single-
turn collimation once particle intercepts the system. Typi-
cal loss distributions around the ring show 88-90% of par-
ticles being absorbed directly in the collimators, 3-4% im-
pacting the radiation-hard quadrupoles, and about 7% im-
pacting the vacuum pipe. Overall, 98% of all losses oc-
cur within the collimation straight section. In our simula-
tions, both the beam pipe and the quadrupoles are treated as
black absorbers, whereas in reality some fraction of parti-
cles landing there will scatter into downstream collimators.
Also, it should be noted that the loss distribution depends
heavily on the vacuum pipe radius which is still under de-
sign; a conservative estimate of 12.0cm radius was used for
the simulation.
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Figure 2: Beam emittance profiles before collimation (solid
red line), after 10 turns (dashed blue line), and after 100
turns (dashed black line).

3 BEAM IN GAP CLEANING

Unlike the halo beam, gap particles do not necessar-
ily have large transverse emittances and therefore will not
reach the collimators without some type of intervention.
Five vertical stripline kickers with a cumulative kicking
strength of 1 mrad will be used to drive the gap beam into
the collimation system. The kickers are capable of revers-
ing polarity on a turn-by-turn basis according to a pro-
grammable polarity sequence, and therefore they can be
made fire in resonance with the vertical betatron tune of
the ring. To determine the exact sequence of kicks for any
given tune, an initial kick of arbitrary polarity is imparted
and the beam centroid is followed around the phase space
for subsequent turns. On each turn kicks are assigned with
the same polarity as the centroid momentum. Though the
effect of a kick on each individual particle is sensitive to the
particle’s phase, using the centroid in this manner guaran-
tees that the net effect is always to increase the magnitude
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of the momentum in the distribution.
For very small tune spreads, it is only necessary for a

sequence of kicks to follow the main tune of the lattice.
However, the SNS expects tune spreads on the order of
0.15 − 0.2. Kicking on resonance with the bare tune alone
will serve to excite only a small fraction of the beam in the
gap. We account for the range of tunes by defining entire
kicking sequences for several tunes within the spread and
apply them sequentially to excite the entire beam.

The simulations included initial gaussian beam distribu-
tions of finite momentum spread. The five kickers were
modeled with a single, 1 mrad kick, with kick polarity
sequences defined by the aforementioned method. Sec-
ond order transport matrices were used to induce chromatic
tune spread in the beam. The full baseline collimation sys-
tem was used, with the variable-aperture primary scrapers
set to 200πmm · mrad. For SNS, the anticipated frac-
tional momentum spread for the nominal (non-gap) beam
is ∆p/p = 0.007, the RF acceptance is ∆p/p = 0.010,
and the momentum aperture of the ring is ∆p/p = 0.020.
Results of simulations with the three different initial beam
momentum spreads are shown in Figure 3, where the frac-
tion of particles lost is plotted over several turns of the
beam. For each of the three cases, the entire beam is ab-
sorbed in under sixty turns around the ring.
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Figure 3: Fraction of particles lost versus turn for three dif-
ferent momentum spreads: the solid red line is for ∆p/p =
0.007, the dashed blue line is for ∆p/p = 0.010, and the
dashed black line is for ∆p/p = 0.020.

The efficiency of the beam in gap cleaning process is
fundamentally limited by the collimation efficiency. Gap
particles that arrive at the primary collimator before any
other aperture will be collimated in the same manner as the
non-gap beam. However, the drift speed of the beam in
the gap is much greater than the anticipated non-gap halo
drift, and therefore it is possible for particles of particu-
lar phases to bypass the primary collimators altogether and
impact secondary collimators instead. In our simulations,
about 75% of the gap particles initially impact the primary
scraper, while the remaining 25% overshoot into the secon-
daries; no particles initially impacted any of the other lim-
iting apertures. Particles that pass directly to the secondary
collimators are less likely to be absorbed than those that
pass through the primary collimator first. Figure 4 shows
typical primary impact parameters on both the scrapers and

on one of the secondaries. The primary impact parameters
on the secondaries are large, but not as large as they would
have been had the particles been scattered by the primary
scrapers. This leads to an overall decrease collimation effi-
ciency for beam in gap particles compared to non-gap par-
ticles.
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Figure 4: The figure on the left shows primary impact pa-
rameters of the beam in the gap on the four primary scrap-
ers, and the figure on the right shows the primary impact
parameters one of the secondary absorbers.

The two parameters that control the distribution of im-
pacts among the collimators are the primary collimator
aperture and the kicker strength. The primary aperture is
fixed by the non-gap beam distribution and can not be var-
ied to accomodate the beam in the gap. The other variable
is kicker strength, which determines the drift velocity of the
gap beam. A decrease in kicker strength would correspond
to a slower, more controlled halo drift; however, this could
also lead to considerably slower beam in gap cleaning.

4 CONCLUSIONS

A new collimation simulation package embedded in a
particle-in-cell environment has allowed us to perform de-
tailed studies of the SNS collimation system and beam-in-
gap cleaning process. Results of the work have lead to opti-
mization of collimator location and scraper thickness. Ad-
ditionally, we have shown that the collimation system can
be used with a set of fast kickers to clean the beam in the
gap before the rise of the extraction kickers.
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