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Outline

 FNAL accelerator complex
- Main Injector & Recycler

« Slip-stacking

» Operational performance
- Improvements
- Upgrades

e Summary
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Fermilab Accelerator complex

The Main Injector and Recycler deliver
beam to multiple users

- High-Energy Neutrino experiments
(NOvVA)

- High intensity 120 GeV protons using
slip-stacking

- Beam every 1.4s or 1.2s depending
on other users

Fixed-target, test beam

- 120 GeV protons via slow extraction
(4.2s spill)

- Beam once a minute

Booster Neutrino g‘;l(\;[g:%a)m

Beam (8 GeV)

Muon Campus

Linac (400 MeV)

Main Injector
(120 GeV)

(8 GeV) Switchyard
(120 GeV)

Recycler
(8 GeV)

— Beam in Recycler —— Main Injector Ramp

« Muon experiments M

- 8 GeV protons from Recycler at 2.5 125

- 16 bunches every 1.4s

14s
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Recycler/Main Injector

« The Main Injector and Recycler
share the same tunnel. Both are
3319.418 m long

« Main Injector
- 344 dipoles
- 197 quadrupoles
- 20 RF cavities

P I A

Recycler

s

* Recycler
- Permanent magnet machine
« Combined function magnets

- Originally designed to
recycle/store antiprotons

i

Main Ihjector

|
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Slip-stacking

 Slip-stacking allows us
to double the intensity
of the bunches in the
Recycler

Af = hyfp

hy = 84
fo = 15Hz
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Inject bunches into
RR on-momentum

Decelerate bunches
by 1260 Hz

Turn on second RF cavity
and inject more
bunches on-momentum

Decelerated batches will slip.
Once fully overlapped, all
bunches are extracted.
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Slip-stacking

40
30
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Slip-stacking
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NuMI power

895 kW
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Covid-19 pandemic & long shutdown
For LBNF construction
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Radial Off-center Slip-stacking
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Current 6+6 slip-stacking mode has two beams separated in frequency by 1260 Hz

« This is completely determined by the need to slip 84 buckets in 1/15 of a second. No flexibility.
(RR has h=588 = 7*84)

PIP-Il requires Booster to run at 20 Hz, so we have to slip 84 buckets in 1/20 of a second

1680 Hz frequency separation

« On-centre injection occupies 1.5 times frequency separation (plus beam momentum spread)

* Uncomfortable at 20 Hz

Switched to off-centre injection at beginning of FY2022 operationally — cut losses in

Ml in two
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Faster ramp
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P=——- 10% power increase
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Lattice correction in the Recycler

Main Injector beam pipe

Recycler beam pipe
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Substantially reduced vertical beta error leading to reduced losses
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Resonance correction
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Resonance correction

1 C. Gonzalez-Ortiz
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Correction of linear coupling, 3Qx and 3Qy
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Future upgrades

e Current MI8 collimators are insufficient for beam intensities and rates
expected after the PIPIl upgrade

* Planning to install during the summer 2023 shutdown

» Aperture upgrade at 232 in Recycler
* Replace two gradient magnets with 3 quads + 2 dipole
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Things don’t always go to plan....
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Things don’t always go to plan....
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Summary

 MI/RR have demonstrated almost 900 kW beam power at 120
GeV
- Faster ramp
- Modified slip-stacking process
- Lattice correction
- Resonance correction
* Further upgrades planned
- Aperture improvements
- New collimators in transfer line
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Backup
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1.4s vs 1.2s

—— Beam in Recycler —— Main Injector Ramp

1.2s

A

A
/

1.4 s
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