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Abstract
Ionization profile monitors (IPMs) are widely used in

accelerators for non-destructive and fast diagnostics of high
energy particle beams. Two such monitors - one vertical
and one horizontal - are being developed for installation in
the IOTA storage ring at Fermilab. They will be used for
turn-by-turn (microseconds scale) measurements of the 70
MeV/c IOTA proton beam sizes. In this paper we present
the IPMs design (largely following the FNAL Booster IPMs
which employ no external guiding magnetic fields), their
mechanical, vacuum, and electric subsystems and DAQ, and
discuss anticipated effects on the beams circulating in IOTA.

INTRODUCTION
Particle accelerators heavily rely on precise diagnostics

and control of critical beam parameters such as intensity,
pulse structure, position, transverse and longitudinal beam
sizes, halo, etc [1]. IOTA (Integrable Optics Test Accelera-
tor) at Fermilab is a 40-m circumference ring dedicated to
accelerator R&D [2]. It is capable of operation with 100-150
MeV/c electrons and 70 MeV/c protons and requires flexible
and precise beam diagnostics for a variety of beam experi-
ments. Ionization profile monitors (IPMs) are considered
as a primary tool for fast and accurate measurements of the
IOTA proton beam profiles.

IPMs [3–8] are fast and non-destructive diagnostic tools
used in proton and ion linacs, colliders and rapid cycling
synchrotrons (RCS) [9–12]. They operate by collecting ions
or electrons created after the ionization of residual vacuum
molecules by high energy charged particle beams [1, 13],
which are then guided to a detector by a uniform external
electric field 𝐸ext. The detector is usually made of many
thin parallel strips, whose individual signals are registered
to make the beam profile signal ready for processing – see
Fig.1.

Space-charge forces of the primary beams make the mea-
sured IPM profiles different from those of the beams and
must be correctly accounted. Theory of the IPM without
a guiding magnetic field [14] allows reconstruction of the
actual beam sizes from measured IPM profiles given the
key parameters, such as high-energy beam intensity 𝑁 and
IPM extracting field 𝐸ext = 𝑉0/𝐷 which is the electric field
due to the voltage gradient 𝑉0 across the IPM gap 𝐷. It was
shown that the space-charge expansion in IPM results in
proportional magnification of the profile of the distribution
of the secondary particles, and the rms transverse size of the
IPM profile at the time when the secondary particle reaches
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Figure 1: Close-up view of the IOTA IPMs. Anode strips at
the bottom are parallel to the proton beam (not shown).

the IPM detector is :
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Here, the gamma-function Γ( 1
4 ) ≈ 3.625. The space-charge

expansion factor ℎ is determined only by the space-charge
potential of the primary proton beam 𝑈𝑆𝐶 = 30[𝑉]𝐽𝑏/𝛽𝑝,
its rms size 𝜎0, the IPM extracting field 𝐸ext = 𝑉0/𝐷, and the
beam-to-MCP distance 𝑑 but it does not depend on the type of
secondary species (their mass and charge, etc). Equation (1)
can be easily solved, and the original 𝜎0 can be found from
𝜎𝑚 [14].

For the IOTA proton ring parameters - see Table 1 - Eq.1
predicts very modest space-charge expansion of the beam
profile in the IPMs ℎ − 1 ≈ 0.01 − 0.1 and, therefore, the
monitors can operate only with guiding electric field. No
need for the guiding magnetic fields significantly simplifies
the IPM design.

Figure 2: Conceptual view of IOTA IPM electric scheme.
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IPM SUBSYSTEMS

HV cage
In the IOTA ring, the several mm wide proton beam with

an average current of up to 8 mA will pass through the
IPM HV cage - see Fig.1. The cage dimensions are 60
mm(height)×60 mm(width)×100 mm(length). The voltage
on the upper plate is +16 kV (can vary upto 30 kV), the
electric field uniformity is arranged by a four-stage voltage
divider attached to copper bars (in brown). The positive ions
of the residual gas ionized in the IPMs high electric field are
pulled away from the positively charged electrode toward
the grounded RF screen - see at the bottom of Figs. 1 and
2, in gold. The negative potential (e.g., 1 kV) of the micro-
channel plate (MCP) pulls the ions towards the MCP plate
where they generate electrons. The latter, after amplification
in the MCP, exit and proceed for another 7.5 mm to an array
of thin, parallel anode strips spaced 0.5 mm apart at +100 V
above the exit of the MCP, where the electrons are collected
for further processing. The anode detector readout strip plate
dimensions are 40 mm(width)×80 mm(length) with 60-80
strips in each H and V monitor.

Electronics and DAQ
The 1.8 𝜇s revolution period of IOTA is close to that

of the Booster (2.2 𝜇s) and the bandwidth of the existing
Booster IPM electronics should be sufficient for turn-by-turn
profile measurements in IOTA. The IOTA IPMs readout
system will be based on that for the FNAL Booster IPMs
[15]. Both horizontal and vertical IPMs will each need:
a) NIM crate with pre-amps and low-pass filters; b) VME
readout system, similar to the fast (𝜇s) digitizers built for
the Booster IPMs; c) LabView control system (similar to
the one for Booster IPMs), connected to the IOTA ACNET
(later, EPICS) control system.

Figure 3: Projected IOTA proton beam size 3𝜎𝑥,𝑦 at the
IPMs location 𝑆 = 2120 − 2210 cm (red- horizontal, blue -
vertical).

Location and geometry
Both IPMs will be set side-by-side at the IOTA ring

straight ∼0.8 m long section between quadrupole magnets
𝑞𝑒1𝑟 and 𝑞𝑒2𝑟 where the proton beam size is projected to
be about 6-8 mm (three times the rms size - see Fig. 3). Fig.
4 presents a schematic layout of the of the IOTA IPM insert.

Table 1: Main Parameters of IOTA IPMs

Parameter Units Design Range
IOTA beam

Proton pc MeV 68.5
Number of bunches 4 1-4
Rev. period 𝑇𝑟 𝜇s 1.83
RF frequency 𝑓𝑅𝐹 MHz 2.19
Avg. current 𝐼𝑏 mA 2 0.5-8
Tr. emitt. geom. 𝜀𝑥,𝑦 𝜇m rms 3 1-4
Rms size at IPM 𝜎𝑥,𝑦 mm 2.5 1-5
SC potential 𝑈𝑆𝐶 V 0.9 0.2-3.5
Mom.spread Δ𝑝/𝑝 rms 2·10−3 (1-2)·10−3

Rms bunch length 𝜎𝑙 m 1.7 1-2
SC tuneshift −Δ𝑄𝑆𝐶 0.5 0.05-1
Avg. vacuum 𝑃𝐼𝑂𝑇𝐴 Torr 6·10−10 10−10...−8

Nucl. lifetime 𝜏𝑣𝑎𝑐 s 300 20-103

SC lifetime 𝜏𝑆𝐶 s <1 10−3-2

IOTA IPMs
Number of IPMs 2
Total length m 0.808
Min aperture mm 30
HV gap 𝐷 mm 60
HV cage length mm 100
Strips/IPM 60
Strip alignment mrad ±1
Pitch Δ mm 0.5
IPM Voltage 𝑉0 kV 16 4-30
Vacuum 𝑃𝐼𝑃𝑀 Torr 6·10−9 10−9...−7

Eff.vac.length m 0.48
Integr. time turns 1 1-10
Ions/turn 103 1.8 0.3-30
SC expansion ℎ − 1 0.03 0.01-0.1

Vacuum system
The IOTA vacuum beam pipe (1-7/8" or 47.6 mm inner

diameter) maintains up to ∼10−10 Torr vacuum pressure
(that’s the minimum expected average value, with the design
specification of 6 ·10−10 Torr). With such a pressure and the
circumference of 40 m, the IOTA ring integrated vacuum
load is 40 · 10−10 Torr-m. The IPMs insert adds less than
10% to that value. This means that for the 2 m long IPMs
insert the injected gas pressure should not exceed 2 · 10−10

Torr. The total length of the IPMs and associated vacuum
equipment is 2.2 m (between the nearest two ion pumps). As
the proper IPMs chambers occupy 0.404 m of space they use
all allowable integral vacuum load with∼ 10−9 Torr pressure
of the injected gas. This situation requires that the pressure
rise in the IPMs insert sections outside the IPMs vacuum
chamber is strongly suppressed. For that, not only strong
vacuum pumping outside the IPMs chambers is needed but
reduction of the IPMs gas flow toward IPE3 and IPE1R ion
pumps as well. Such a reduction is arranged by installation
of aperture-restricting inserts ("collimators") inside the IPM
vacuum system as shown in Fig.4.



Figure 4: Schematic of vacuum system arrangement for IOTA IPMs insert.

There are 4 new ion pumps to be installed right next to the
left and to the right of the H and V IPMs, and 2 existing ion
pumps at the IPE3 and IP1R locations will be replaced with
much more powerful pumps to increase the pumping speeds
of nitrogen and argon by a factor of 2.6 and 7, respectively.
The flow from the IPMs space into the IOTA beam pipe is
constrained with the series of “collimators”, C1, C2, C3.
The total length of these collimators is 350 mm. Based
on the projected proton beam sizes, the collimator orifice
of 30 mm (diameter) was chosen. The pressures and the
integrated pressures for the selected locations relevant to
the IPMs insert were estimated using conductance formulae
for the molecular gas flow regime. We calculate that a 10−9

Torr pressure inside the IPM cage - arranged by a controlled
leak - will result in a quite acceptable integrated pressure
load of less than 5 · 10−10 Torr-m - a small fraction of the
total IOTA ring integral. The IPM vacuum pressure will be
controlled by the variable leak valve (VAT, Series 59.0).

There are indications that use of noble gases such as Ar,
Kr, or Xe can be beneficial for IPM operation as they allow a
smaller profile smearing [16, 17]. Our analysis of the IOTA
IPMs vacuum systems shows no significant difference in
the resulting pressures between, e.g., Nitrogen and Argon.
This is because as the pumping speed for argon gets lower
its conductance through the pipes also gets lower leading to
a pressure rise at the pipe ends in a similar range to that for
nitrogen. We therefore, conclude other gases, such as Ne
and Xe, can be successfully explored though their pumping
speeds are likely lower than that for Argon.

At the 10−9 Torr pressure of the gas injected into the IPM
HV cage, the estimated number of generated ions by the
IOTA beam of 9·1010 protons at 70 MeV/c is∼1200 per 1.83
𝜇s turn, that is expected to be sufficient to provide statistically
significant turn-by-turn proton beam profile measurement.

EFFECTS ON IOTA BEAMS
General: IOTA IPMs should be compatible with other

IOTA experiments and plans (including the plan to make
IOTA optics periodic with period 𝑃=2). The IPMs can not

be fully transparent to the IOTA operations: they generate
transverse kicks in both H and V planes, they contribute
about 10% to the total vacuum load, the IPM vacuum system
reduces the transverse aperture to 30 mm diameter (15 mm
radius), and, in the end, the system of two monitors will take
about 0.8 m (flange-to-flange) of the ring circumference.

Effects on the 70 MeV/c proton beam orbit can be esti-
mated as: with voltage of 15 kV (the nominal operating
voltage) over the 60mm IPM cage gap and 100 mm length,
will result in about 5.1 mrad of angular kick (in both planes)
and unacceptably large IOTA beam and orbit distortions.
Compensation of these deflections will require 𝐵𝑙 ≈ 12
Gauss-meter magnetics (the IOTA proton ring rigidity is
𝐵𝜌=0.23 Tm=2300 Gauss-meter). There are two opportu-
nities for this. The IOTA orbit correction system could be
used to control/correct such distortions. The ring has 20
combined H/V/skew-quad correctors, with maximum dipole
strength of 25 Gauss-meter (built with 270-turn air-cooled
coils: 2A/5V). The most impactful could be the nearby (to
the IPM) local correctors (𝑥, 𝑦)SQE1R and (𝑥, 𝑦)SQE2R.
The second option involves installing new magnetic cor-
rectors along approximately 100mm-long C2 sections of
the beam pipe, adjacent to the vacuum pump four-way ports
IPIPMV1-4 and IPIPMH1-4, both upstream and downstream
of the IPMs – see Fig.4.

CONCLUSION AND OUTLOOK
We have designed the ionization profile monitors (IPMs)

for the IOTA ring turn-by-turn proton beam profile measure-
ments, and have started construction of the monitors. The
IPMS are expected to be fully compatible with the IOTA
70 MeV/c proton operation. The IPMs are anticipated to be
ready for installation in the ring early 2025, to be followed
by a reasonable time for commissioning and initial tests. Of
note, testing the IPMs with a pencil-like narrow electron
beam - easily available at IOTA - will allow precise deter-
mination of the instrument point spread function (PSF) and
its dependence on beam current and size – that information
will be very helpful for the monitors operation with protons.
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