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Abstract

One of the on-going issues with the use of microchannel
plates (MCP) in the ionization profile monitors (IPM) at
Fermilab is the significant decrease in gain over time.
There are several possible issues that can cause this. His-
torically, the assumption has been that this is aging, where
the secondary emission yield (SEY) of the pore surface
changes after some amount of extracted charge. Recent lit-
erature searches have brought to light the possibility that
this is an initial ‘scrubbing’ effect whereby adsorbed gasses
are removed from the MCP pores by the removal of charge
from the MCP. This paper discusses the results of studies
conducted on the IPMs in the Main Injector at Fermilab.

INTRODUCTION

Ionization profile monitors (IPM) are used in many ac-
celerator laboratories around the world [1-7]. They have
been used in nearly all the synchrotrons built at Fermilab,
and presently are used in the Main Injector (MI), Recycler
Ring (RR), and Booster synchrotron [8], with another one
being planned for the Integral Optics Test Accelerator
(IOTA). All Fermilab IPMs, as well as many of those at
other laboratories, utilize one or more microchannel plates
(MCP) for signal amplification. Historically we have found
that the gain of the MCP decreases over time (Fig. 1) and
have attributed it to the well-known fact that they age with
current extracted from them [9]. Thus, we have periodi-
cally replaced them.
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Figure 1: Scan of MCP plate across beam showing gain
depression where beam is normally positioned.

Recently, more in-depth investigations have revealed
that the decrease in the gain is much more consistent with
conditioning, or ‘scrubbing’, of the MCPs, and not aging.
Literature searches have rediscovered the fact that a de-
crease in gain with conditioning is a known property of
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MCPs [10,11]. Our own historical IPM data and a recent
dedicated test show results which are much more con-
sistent with what one expects from conditioning. In this pa-
per, we summarize our current understanding of the behav-
ior of the MCPs in our IPMs.

EXPERIMENTAL DEVICE

IPMs are devices which utilize the ionization of residual
gas to measure the transverse profile of the beam. Figure 2
is a diagram of the present Fermilab IPMs. When the beam
passes through the IPM, it ionizes the residual gas. The
IPM collects the ionization products using an electrostatic
field to accelerate them to the MCP.
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Figure 2: Diagrams of Booster and MI/RR IPMs.

The MCP is a thin plate with microscopic holes (aka
pores) through it, each of which acts as a charge multiplier,
much like a photomultiplier tube (PMT) (Fig. 3) [12,13].
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Figure 3: Schematic of MCP functional behavior showing
amplification by electron avalanche.
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The output electrons from the MCP are collected via thin
conductive strips which function as the anode in the multi-
plication chain. This current is converted to a voltage by a
preamp and digitized. The digitized signals from the [PM
are processed by a LabVIEW program that generates
gaussian profile fits to the data. The IPMs collect data on
request. The high voltage is turned on and data is collected
for a single injection-extraction cycle which is usually less
than one second.

There are two IPM versions at Fermilab (as shown in
Fig. 2): magnetic and electrostatic. The magnetic version,
used in MI and RR, collects electrons, and has both an elec-
tric field to accelerate the electrons and a magnetic field to
constrain their trajectories. Without the magnetic field, the
electrons would be moved transversely by the beam space
charge and not maintain the position where the ionization
occurred. These IPMs are also installed on motorized
stages such that the MCP can be moved relative to the
beam. The electrostatic version, used in Booster, collects
ions, and has no magnetic field since the ions are heavy and
not dramatically affected by the beam space charge. These
are bolted to the beampipe and cannot be moved relative to
the beam.

PRIOR MCP LITERATURE

MCPs have been used since at least the early 1970’s for
image intensification [14]. A mathematical model of MCPs
was developed in reference [11]. In addition to the model,
the paper also showed the measured gain of an MCP at var-
ious stages in the preparation: initial, after vacuum bake,
after scrub, and after final seal-in. The gain decrease from
after vacuum bake to after scrub was a factor of 3. Scrub-
bing refers to the initial phase of operation of the MCP,
where the electrons act to ionize adsorbed gases and re-
move them from the surfaces of the pores. Since these
gases are additional contributors of secondary emission
electrons, the gain is higher with them than without them.
One approach to this conditioning is to illuminate the MCP
with ultraviolet radiation until the gain stabilizes [10].
Whether or not the MCP can be exposed to atmosphere af-
ter conditioning without losing the benefits of the condi-
tioning is not yet entirely clear to us [15,16]. Ideally the
scrubbing would happen after installation of the MCP in
vacuum. The use of MCPs in satellites encounters similar
gain issues as we do with the IPMs [17-19]. When used in
a spectrometer, spectral lines are placed at defined posi-
tions on the MCP. As it is apparently impractical [16] to
keep a satellite MCP under vacuum, the initial operation of
it in space causes the brighter lines to scrub faster resulting
in a non-uniform gain, just as the beam in an accelerator is
always located at the same location and produces a dip in
the gain. Reference [20] discusses gain issues impacting
MCP-based PMTs used in the PANDA experiment at
FAIR. They also consider the new atomic layer deposition
technique for MCPs. The lifetime of a MCP is generally
stated in units of C/cm? of extracted charge and is usually
understood to be > 1 C/cm?. Conditioning of the MCP re-

quires much less than that, typically less than
0.1 C/em?[9,19,21].
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IPM DATA

The present versions of the IPMs were installed in the
MI and RR in 2014, and the Booster in 2017. All the data
collected since then is available for analysis and is what is
used to assess the behavior of the MCPs.

Historical Booster IPM Data

The MCPs in the Booster IPMs were not changed until
2022, providing 5 years of MCP gain data. Two things sim-
plify the analysis of Booster IPM data: each IPM has only
one MCP, and the Booster operation is always the same.
Figure 4 shows a typical IPM signal for a Booster cycle.
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Figure 4: Booster cycle from injection (top) to extraction
(bottom).

The goal of the analysis is to measure the relative gain
of the MCP over time, ideally as a function of extracted
charge. To determine the gain, one must scale the signal to
the beam intensity, and adjust for the voltage setting of the
MCP. The beam intensity is recorded for each acquisition.
In addition, there were occasional measurements made at a
series of voltage settings, which are used to determine the
gain vs. voltage curve (Figs. 5 and 6).
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Figure 5: Collection of 32 acquisitions with varied MCP
voltage. From this we extract a voltage gain curve.
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Figure 6: MCP voltage vs. gain curve with parabolic fit.

This fit is used to normalize the IPM data to extract the
MCP gain.
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Figure 7 shows the distribution of IPM acquisitions as a
function of time. We calculated the MCP gain from this
data by scaling it by the beam intensity and by the voltage
gain of Fig. 6. The resulting MCP gain is shown in Fig. 8

as a function of time.
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Figure 7: The red arrows indicate maintenance periods
which are usually July — October.
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Figure 8: Relative MCP gain as a function of time. The
gain has been relatively flat for the last 4 years.

From this plot, it would appear that the MCP gain de-
creased after initial installation but has been relatively flat
after that. This is a behavior consistent with initial condi-
tioning, and not aging. One thing that the reader might no-
tice is the slight decrease over the last 600 days or so. It
was discovered late in the writing of this paper that scaling
the IPM signal by the measured beam intensity is not en-
tirely accurate. As one can see in the Fig. 9, there is a clear
non-linear relationship even after scaling, and, in addition,
there are isolated regions, all of which must still be inves-
tigated. The non-linear relationship is in part responsible
for the decrease in the last 200 days where the beam inten-
sity was much less for most of the acquisitions. Despite this
behavior, we don’t see a dramatic decrease in the apparent
gain of the MCP over recent time.
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Figure 9: Relationship between MCP response and beam

intensity after correcting the MCP response for the beam
intensity and voltage.
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Since the MCP should age with extracted charge, we cal-
culate the extracted charge for an acquisition as Q = ITD,
where [ is the average current from the MCP during the
acquisition, T is the time the high voltage is on (~3 sec-
onds), and D is the Booster duty cycle (~50%). Figure 10
shows the integral of the extracted charge vs. time. At pre-
sent, the total extracted charge is a little over 4 mC/cm?,
which is not yet near the level where aging would be a con-
cern.
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Figure 10: Integral of the extracted charge as a function of
time.

MI Dedicated Experiment

Recently, one of the MI IPMs was run continuously to
measure the behavior of the gain. Since these IPMs can be
moved, the MCP was moved to a new region of the plate,
and then run repeatedly for a period of ~5 days. Figure 11
shows the typical MI IPM signals where one can see that
the MCP has been positioned to the side of the beam.
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Figure 11: MI cycle from injection (top) to extraction (bot-
tom). Some channels have obvious problems (blue).

Figure 12 shows the raw IPM integrated signals and the
beam intensities. During the 5 days, the voltage was peri-
odically adjusted to keep the signals at similar levels. The
processing corrected for the beam intensity and accounted
for the changes in voltage by scaling the data in each volt-
age region to match at the boundaries. Figure 13 shows this
gain as a function of acquisition number, time, and inte-
grated charge out of the MCP. Here as well, the change in
gain is consistent with scrubbing, not with aging. One ad-
ditional thing to note is that since the MI/RR IPMs have a
pair of MCPs, the scrubbing is mostly affecting the second
MCP which has much higher current draw. As such the
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gain will continue to decrease with time albeit much more
slowly.
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Figure 12: MI IPM signal (blue) and beam intensity (red).
The magenta vertical lines indicate when the MCP voltage
was changed.
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Figure 13: Integral of the extracted charge as functions of
acquisition number, time, and extracted charge from the
MCP.

CONCLUSIONS

Both previous literature and the studies done with the
IPMs indicate that aging is not the cause of the decrease in
gain seen in our IPMs. The implication is that the MCPs do
not need to be replaced as often as they have been in the
past. Instead, our attention now focuses on the problem of
in situ conditioning of the MCP or periodic calibration of
the gain of the MCP.

As stated earlier, the MI and RR MCP devices are
mounted on motorized stages and therefore can be moved.
They can be slowly moved across the beam to allow the
scrubbing to uniformly condition the MCP and avoid une-
ven gains. The same technique could also be used to cali-
brate the gain as a function of position, which may be a
more useful approach since the gain will continue to de-
crease with use.

In the Booster, there is no way to easily change the rela-
tive position of the beam on the MCP other than to move
the beam itself. However, if one lowers the electrostatic
field, the ions will spread out transversely due to space
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charge and more uniformly cover the MCP. This may offer
a way to initially scrub the MCP.
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