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Abstract
The Fermilab Main Injector system delivers 700 kW of

120 GeV Proton beam for neutrino experiments. Since 2013
this has been achieved using slip stacking accumulation
in the Recycler with up to 12 batches from the Fermilab
Booster per Main Injector Ramp Cycle. To control acti-
vation from beam loss, collimation systems in the Booster
to Recycler transfer line, in the Recycler and in the Main
Injector are employed. Residual radiation measurements
around the ring with detailed studies at the collimators are
required to maintain adequate loss control. We will review
design considerations, operational parameters and activa-
tion results for more than ten years of operation. Simula-
tions with MARS15 are used to explore the activation rates
and the isotopic composition of the resulting activation.

OVERVIEW
Since preparations began in 2004 for high intensity op-

eration of the Fermilab Main Injector for the neutrino pro-
gram, an intensive effort has been required to control acti-
vation and radiation damage to devices in the accelerator
tunnel. An overview of the efforts through the Tevatron era
is provided in [1]. Peak power delivered in that era reached
400 kW using slip stacking in the Main Injector. By us-
ing the Recycler as a stacking ring [2] [3] beam power of
700 kW of 120 GeV protons have been delivered. These
have been achieved with about 1% loss at collimators in the
MI8 Booster to Recycler transfer line, >97% transmission
in the Recycler and >97% transmission in the Main Injector.
A gap-clearing kicker system [4] delivers some unwanted
beam to the abort while collimators in the MI8 line [5], in
the Main Injector [6], and in the Recycler [7] localize most
of the remaining losses. Acceleration from 8 GeV to 120
GeV with very low losses is normally achieved.. Residual
radiation at some critical locations are now ten times lower
than their peak. Table 1 introduces these collimation sys-
tems.

Examination of the residual radiation for the Main Injec-
tor found patterns which suggested [8] that the transverse
emittance of Booster beam was not cleanly accepted into the
Main Injector aperture. At the same time, plans for higher
intensity using slip stacking [9] assured that a few percent
of the injected beam would not be captured into rf buckets
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for acceleration. A modest collimation system for the MI8
Booster to Main Injector Transfer Line [5] was developed
quickly (installed in Spring 2006) while we designed and
built a collimation system for the Main Injector [6] which
would capture the beam from Main Injector slip stacking
which was not accelerated and also define aperture limits to
localize transverse losses from either injected beam or emit-
tance growth from any source. This system was installed in
Fall 2007 and commissioned in 2008.

Plans to employ the Recycler Ring for proton stacking
[10] deferred collimation considerations. It was understood
that the uncaptured beam from slip stacking would transfer
cleanly to the Main Injector where the existing collimation
system would contain the loss. Although other improve-
ments solved many problems, the usefulness of a collima-
tion system for localizing transverse emittance issues (in-
jection, beam growth, and instabilities) was determined to
demand a Recycler Collimation system. It was installed in
the 2016 Facility Shutdown [7]. We will describe some fea-
tures of these systems and report various issues which re-
main.

COLLIMATOR DESIGN
Collimation is achieved with thick-wall stainless steel

vacuum boxes with a taper on the upstream end. Beam starts
interacting downstream at the end of the taper. Welded
vacuum bellows permit the required motion. This is sur-
rounded by a massive steel shield to absorb the interaction
products. Since the stainless and steel becomes highly ra-
dioactive, a layer of marble surrounds the steel to shield
the outside from the residual gamma radiation. Marble is
highly resistant to activation. This design allows the mo-
tion control and readout to be placed in low radiation areas
near the floor for MI8 and MI Collimators.

Simulations for the energy deposition design of these col-
limators employed MARS [11]. The MI8 and Main Injector
tunnel depth is sufficient to reduce concerns about prompt
dose on the surface. Considerations for hands-on mainte-
nance, radiation damage to accelerator components, air ac-
tivation and activation of ground water (important) were ex-
plored [12].

Transfer Line Collimation
Collimation of the Booster beam halo was achieved us-

ing a 2” x 2” collimation aperture with horizontal and verti-
cal motion. A pair of collimators provides scraping of four
sides of the beam in a half cell. After a 90𝑜 phase advance
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Table 1: Collimation Systems for 8 GeV to 120 GeV Fermilab Accelerators

Item MI8 Transfer Line Main Injector Recycler
Installation Spring 2006 Fall 2007 Summer 2016
Design Concept One-Stage Two Stage Two Stage
Design Function Transverse (H&V) Uncaptured Beam (Momentum) Transverse
Hardware Four 4-Ton Collimators Four 20-Ton Secondaries Two 20-Ton Secondaries

Taper Upstream Taper Upstream Taper Upstream and Downstream
Pairs at 90𝑜 Primary - Radial Outside Primary - Vertical Bottom
(or one cell) phase Eight Masks Two Masks
H & V Motion H & V Motion H & V, Yaw & Pitch

Capability ∼1% (at design limit) ∼3% ∼3%
Plans Add Collimation Upstream Reduce Forward Aperture Performs as needed

(two half cells), the emittance edge which was at large an-
gle is at large offset. A second collimator pair completes
halo removal for this single pass beam. These collimators
are installed in a low/zero dispersion section of the lattice.
Each absorber employs a 4-Ton shield. MI8 system design
in 2005-6 assumed Booster upgrades to 10 Hz beam opera-
tion whereas the Proton Improvement Plan (PIP) recently
achieved 15 Hz delivery of protons at a comparable per
pulse intensity.

Main Injector Collimation
A two-stage collimation system was implemented to cap-

ture the out-of-bucket protons which are not captured in the
high voltage buckets at the end of slip stacking. Magnets
occupy the lattice except in low dispersion straight sections.
The primary collimator is located at the last (nearly) normal
dispersion cell upstream of the MI300 long straight section.
Four 20-Ton secondary collimators are arranged in the sub-
sequent 10 half cells. The 0.25 mm tungsten foil (vertical
edge) primary collimator is positioned on the radial inside
downstream of a focusing quadrupole. An orbit bump com-
bined with the foil radial position define a momentum aper-
ture limit. After the captured beam has accelerated by about
1%, the unaccelerated protons reach that foil. They scat-
ter to larger transverse emittance. Four 20-Ton secondary
collimators are positioned so that the beam is in a suitable
corner. Protons scattered by the primary may strike one of
the secondary collimators at the end of the upstream taper
and interact or they may continue to circulate. Since they
have a larger emittance than other protons, they will either
strike some secondary collimator on a subsequent turn (as
their phase advance changes) or after a few turns they will
strike the primary again and receive an additional emittance
increment.

Since these secondary collimators are so close to the cir-
culating beam, they are the limiting transverse aperture for
almost all beam halo (any source) so they will also collimate
other sources of beam loss. The positioning systems pro-
vide horizontal and vertical offsets to the 4” wide by 2” high
vacuum aperture. A complicated orbit bump is imposed to
steer the beam so that the edge to be collimated is parallel

to the collimator for best absorption of halo while also set-
ting the position. This bump is imposed just while the beam
starts acceleration.

The protons which interact inside the secondary collima-
tors produce a cone of secondary particles in the forward
direction. Much of this develops into a shower which is ab-
sorbed but a portion of the shower escapes down the beam
pipe. By surrounding the downstream beam pipe with a
steel mask (which was in turn surrounded by concrete or
marble), an important part of the forward shower was con-
tained. A mask was placed just downstream of the sec-
ondary collimator and again just upstream of the next trim
magnet. Failure to include the masks for the third secondary
collimator in the initial implementation resulted in a very ra-
dioactive trim dipole.

Recycler Collimation

To contain the shower in a secondary collimator for 8
GeV protons requires 58 cm of absorber. Since the Recy-
cler beam circulates 30 cm from the ceiling except in spe-
cial locations, we designed a collimation system to scrape
transverse tails which could be placed in one of those spe-
cial places. The aperture is much more limited for vertical
beam halo so we addressed that by employing a primary foil
to define a vertical boundary (horizontal edge). The avail-
able 𝛽𝑦 was large so a smaller scattering angle was desired.
A 0.125 mm molybdenum (TZM) foil serves as the primary.
Two 20-Ton secondary collimators with a forward mask for
each provides the absorption for this system. The vacuum
liner has a taper at both the upstream and downstream end
for these secondary collimators.

The available orbit control was more limited so the me-
chanical system was provided with both position (H & V)
and angle (yaw and pitch) control. The weight is supported
on roller plates to allow yaw control. We find that the mo-
tion control is not as precise but still very adequate. The or-
bit bumps required to employ these collimators are invoked
for each of the 12 injections into the Recycler for each Main
Injector cycle.
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Figure 1: Loss Monitor Signal (yellow) at the primary col-
limator along with the Main Injector Momentum (red) and
the beam intensity. (green) for a 40 ms period centered after
1% acceleration

PERFORMANCE
Operation of the Main Injector complex for ever higher

intensities has successfully employed these collimation sys-
tems. Following a few months of system tune-up, excellent
localization of losses were achieved.

Collimation Efficiency
As and example, we explore Main Injector collimator per-

formance by examining the time structure of losses around
the ring with a Beam Loss Monitor (BLM) system as shown
in Fig. 1. We define the collimation region as the loss mon-
itors group in the 14 half cells beginning at the primary col-
limator. When looking at the losses in time with the loss at
the primary, we find that >99% of the loss are recorded in
the collimation region. This is achieved after imposing the
orbit bump described above and incrementally moving the
secondary collimators closer to the beam in both the hori-
zontal and vertically to achieve best containment. MARS
studies suggest that ∼80% of the lost proton power is ab-
sorbed into the secondary collimators. In the same effi-
ciency definition, we find that >93% of losses for the whole
cycle were contained in the collimation region. These mea-
surements were carried out during Main Injector slip stack-
ing since it is more tedious to explore losses when both rings
have beam. Efficiency of the Recycler collimators has re-
ceived less scrutiny following the successful control of insta-
bilities by the diode damper system [13], [14]. With losses
in two rings in the same tunnel, the measurement is more
challenging.

Chlorine-induced Corrosion
During the 2012-3 shutdown for the Recycler upgrade,

several sections of beam pipe were found to have severe cor-
rosion, such that rough vacuum could no longer be achieved.
Electron microscopy confirmed that chlorine was present in
the corrosion pits. We ascribe this to the release of chlorine
from the multitude of cables in the area with polyvinyl chlo-
ride (PVC) jackets. Some of the 316L vacuum pipe has been

replaced with high molybdenum content 2205 Duplex stain-
less steel for sections which do not require a non-magnetic
vacuum system. Additional dehumidification has also been
provided in this area.

Destruction of High Voltage Cables
The cable system was in place from the initial installa-

tion of the Main Injector in the 1990’s. In the vicinity of
the Main Injector collimation system is a variety of power
and signal cables. Above the aisle adjacent to the collima-
tors there are red RG58 cables for vacuum pumps (5 kV) and
beam loss monitors (2 kV). No cable failures were observed
until about 10 years of operation. However between 2016
and 2019, all the vacuum (5 kV) cables in this area have
shorted. Using BLM calibrations of the lost protons and
MARS simulations for the absorbed radiation dose, we con-
clude that the failures require about 5000 grays. Replace-
ment cables are being provided during the 2019 Facility
Shutdown. MARS studies indicate that 10 cm of polyethy-
lene or borated polyethylene shielding will provide a signif-
icant reduction in the absorbed dose to cables.

FUTURE PLANS
Future operation to deliver 900 kW beam in the near term

and 1.2 MW of 120 GeV protons after the PIP-II upgrade
will demand attention to the collimation systems. Locations
are available in the MI8 transfer line where additional (and
more capable) collimators can allow transverse scraping of
higher intensity beams. Using MARS, we have explored
the impact of reducing the 4” by 2” aperture in the Main
Injector secondary collimators. We expect to achieve better
containment of the lost power by providing inserts there.
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