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Abstract

The Mu2e experiment has a stringent requirement for
extinction of the pulsed proton beam, referring to the elimi-
nation of particles between proton bunches to a relative level
of 10719, which means a single out-of-time particle in the
inter-pulse gaps for every 250 complete proton pulses. As
the construction of the Mu2e experiment nears completion,
it is crucially important to make an early measurement of the
beam extinction in its current condition. Hence the upstream
extinction monitor was constructed and operated to probe
for problems in the proton pulse structure or a higher than
expected incidence rate of out-of-time particles.

The analysis in this work comes from data taken in March
2026. The long data run showed a significant presence of out-
of-time particles from ghost bunches in the Delivery Ring
approximately 388 ns after the centers of the main proton
pulses. These are hypothesized to be the result of a combi-
nation of a RF frequency mismatch, particle space charge,
and machine impedance during the rebunching sequence
in the Recycler Ring, which can lead to particles leaking
into adjacent buckets, but further studies and simulations
are needed to confirm this.

INTRODUCTION AND MONITOR

The Muon-to-Electron Conversion Experiment (MuZ2e) at
Fermilab [1] searches for the neutrinoless conversion of a
muon into an electron in the field of a nucleus, which would
be a clear sign of physics beyond the Standard Model. The
experiment uses a pulsed proton beam to produce muons,
and has a stringent requirement for beam extinction, which
refers to the elimination of out-of-time particles between the
proton bunches. Basic extinction is defined as the ratio of
out-of-time particles to in-time particles, and must be at a
level of 107'°, which means a single out-of-time particle in
the inter-pulse gaps for every 250 complete proton pulses.

The beam extinction is crucial for the experiment, as out-
of-time particles can produce background events that mimic
the signal of muon-to-electron conversion, and therefore
must be minimized to achieve the desired sensitivity. The
MuZ2e proton-pulse timing and a representative Upstream
Extinction Monitor detector element are shown in Figs. 1
and 2.
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Figure 1: Mu2e proton-pulse timing and the live search
window between pulses.

Cherenkov Crystal
(Quartz) into PMT

Figure 2: A quartz Cherenkov radiator with PMT assembly
used in the Upstream Extinction Monitor.

Beam Extinction

Proton delivery to the Delivery Ring starts with RF ma-
nipulations in the Recycler Ring. The 53 MHz RF system
quickly turns off, after which the 2.5 MHz RF system adia-
batically ramps up, reshaping batches from the Booster Ring
in preparation for transfers of individual bunches of protons
into the Delivery Ring (note the frequency mismatch be-
tween the 53 MHz buckets and the 2.5 MHz buckets). Once
one bunch is orbiting the Delivery Ring, resonant extraction
starts wherein one small pulse of protons is transferred into
the M4 Beamline each time the proton bunch completes
arevolution. Resonant extraction completes after approxi-
mately 25,440 revolutions of the bunch around the Delivery
Ring. Given the 1695 ns Delivery Ring revolution period,
this establishes the basic time structure for the pulsed proton
beam at an estimated preliminary extinction level of 107,

The remaining portion of the 10~ !? extinction requirement
is achieved via the operation of a system known collectively
as the AC Dipole, a series of collimators and dipole mag-
nets synchronized in phase to the transfers of the proton
pulses. The dipole magnets give transverse kicks to any
out-of-time beam while allowing in-time particles to pass
through unaffected.

Upstream Extinction Monitor Setup

Previous work has been done to install and commission
an Upstream Extinction Monitor [2,3] in the M4 beamline.
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Figure 3: Zoomed time histogram of UEM peak data. The red dashed lines are manually overlaid to show the expected
periodicity using the measured Delivery Ring revolution period.

It consists of a series of three photomultiplier tubes (PMTs)
fixed to quartz Cherenkov radiators, and arranged in a line
pointing at a vacuum window in the beam that serves as
a scattering source. With this, a parasitic measurement of
the beam time profile can be made. The goal is to obtain
an early measurement of the longitudinal beam structure
of the pulsed proton beam and provide an estimate to the
extinction so problems with the beam can be remedied before
the scheduled start of data taking in Spring 2028.

DATA AND TIMING RECONSTRUCTION

Run Sample

In March 2026, data was accumulated from 914 Deliv-
ery Ring injections (23.3 x 10° resonantly extracted proton
pulses). Data from the PMTs is sent to an ADC (AD9234)
and FPGA (Kintex-7) housed in a Vadatech uTCA crate
(AMC502, FMC228), where full peakfinding analysis oc-
curs inside the FPGA, after which peak data is sent to a local
computer for offline analysis.

Once offline, a fast Fourier transform (FFT) of the data is
taken to estimate the revolution period of the Delivery Ring
and spacing between proton pulses. Fine adjustments to the
period are necessary in order to be able to align ~ 43.1 ms
of data per event into a single 1695 ns window [3]. A repre-
sentative zoomed time window is shown in Fig. 3.

GHOST-BUNCH OBSERVATION
Spill-Time Structure

After folding all individual proton bunches over a spill
(nominally 43.1 ms in length) on top of each other (modu-
lating the detected time by the FFT-derived Delivery Ring
period), the expected shape of a nominal proton bunch can
be seen with an approximate width of £250 ns in the center
of the window, as shown in Fig. 4. Combining the three data
channels into a three-fold coincidence mode gives Fig. 5. If
all were ideal, the ratio of the number of particles outside
this center pulse to the number of particles in the center
would be 10719, However, it can be seen that there is a very
noticeable bump to the right of the main proton pulse.

These are approximately 388 ns after the main proton
pulse is resonantly extracted, and are thought to be additional
particles extracted from the (should-be-empty) adjacent RF
bucket in the Delivery Ring. This was an unexpected discov-
ery, and it was not visible before without a long data run. It
has come to be referred to as a “ghost bunch” in the Delivery
Ring.

Possible Origins and Checks

The direct cause of this ghost bunch is not clear. However,
a hypothesis can be made based on prior modeling and mea-
surements made in the Recycler Ring. These showed the gen-
eration of ghost bunches from two of the eight Recycler Ring
bunches as a combined result of RF frequency mismatches,
particle space charge effects, and machine impedance [4].

In the Mu2e configuration, two adjacent Booster batches
are transferred into the Recycler Ring, each containing 81
bunches of protons that fill 1/7 of the Recycler Ring. Upon
the arrival of the second Booster batch, the 53 MHz RF sys-
tem in the Recycler Ring is quickly turned off (5 ms) and
then a different 2.5 MHz RF system is adiabatically ramped
in (85 ms). Given that 53 and 2.5 are not harmonically re-
lated, this frequency mismatch in the RF systems can cause
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Figure 4: Period-modulated histogram of detected peaks.
The main proton bunch is centered near zero, while the side
peak appears in the adjacent timing bucket.
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Figure 5: Three-fold coincidence events plotted as spill time
versus modulo time. The main proton bunch appears near
zero modulo time, while the ghost-bunch population appears
in the adjacent bucket.
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Figure 6: Recycler Ring measurements from previous
rebunching studies and Beam Longitudinal Dynamics
(BLonD) simulation framework output showing side popu-
lations adjacent to the primary bunch structure.

some particles to leak into adjacent buckets, which could
be the source of the ghost bunches observed in the Delivery
Ring, along with the fundamental effects of the space charge
and the machine impedance.

This hypothesis is supported by modeling done in a sim-
ulation framework called Beam Longitudinal Dynamics
(BLonD) of the rebunching sequence (shown in Fig. 6),
along with direct Recycler measurements, which show the
rebunching of two Booster Ring batches into eight Recy-
cler Ring bunches with ghost bunches appearing around
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Batch 2. However, the Recycler extraction kicker could be
eliminating these Recycler Ring ghost bunches, and other ex-
planations are also possible, such as issues with the Recycler-
to-Delivery Ring transfer given the 2.5 MHz to 2.36 MHz
frequency mismatch there as well, and further studies and
simulations are needed to confirm the true origin of the ghost
bunches. Potential solutions will be tested in the next beam
testing period, starting with potentially extending the length
of the Recycler Ring extraction kicker, or pre-firing an extra
kicker. Furthermore, simulation work is currently underway
to extend BLonD simulations from the Recycler Ring into
the Delivery Ring.

CONCLUSION

A March 2026 data run with the Upstream Extinction
Monitor has revealed the presence of ghost bunches in the
Delivery Ring, which are out-of-time particles that occur
approximately 388 ns after the centers of the main proton
pulses. The background caused by the insufficiency in beam
extinction from these ghost bunches would present a critical
failure to the running of the Mu2e experiment. Therefore,
they must be understood and mitigated before the start of
data taking in Spring 2028.

A leading hypothesis for the origin of these ghost bunches
is a combination of a RF frequency mismatch during the
rebunching sequence in the Recycler Ring, as well as funda-
mental particle space charge and machine impedance. To-
gether, these effects can lead to particles leaking into adja-
cent buckets. However, further studies and simulations are
needed to confirm this hypothesis and rule out other potential
explanations, such as issues with the Recycler-to-Delivery
Ring transfer. Follow-up beam studies will be conducted
in the next beam testing period, starting with potentially
extending the length of the Recycler Ring extraction kicker,
and simulation work is currently underway to extend BLonD
simulations from the Recycler Ring into the Delivery Ring.
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