
FE
R

M
I N

AT
IO

N
AL

 A
C

C
EL

ER
AT

O
R

 L
AB

O
RA

TO
RY

   
  

Fermi National Accelerator Laboratory is managed by 
FermiForward for the U.S. Department of Energy Office of Science

Space Charge Measurement and 
Compensation Studies: A-2 Session Lead Talk

Space Charge 2026
7th ICFA Beam Dynamics Workshop

Oxford University, UK
Sep 29 — Oct 3, 2026

indico.global/event/15713/contributions/165933

Giulio Stancari
Senior Scientist
Chair, IOTA/FAST Scientific Committee
Fermi National Accelerator Laboratory and University of Chicago

FERMILAB-SLIDES-26-0207-AD

https://indico.global/event/15713/contributions/165933


FE
R

M
I N

AT
IO

N
AL

 A
C

C
EL

ER
AT

O
R

 L
AB

O
RA

TO
RY

   
  

Overview

2Giulio Stancari     Space Charge Measurement and Compensation Studies: A-2 Session Lead Talk Space Charge 2026     Oxford     30 Sep 2026

•Session Themes

•Research Opportunities at IOTA

•Session Contributions and Discussion Topics
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Main Session Themes
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Beam Measurements
What are the key physical quantities? What experimental methods are used? How do we quantify 
uncertainties?

Space-Charge Compensation
What methods are viable? How do we model the physics? What are the main achievements?
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IOTA and the FAST Facility at Fermilab
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IOTA/FAST

The Integrable Optics Test Accelerator (IOTA) is part of the 
Fermilab Accelerator Science and Technology (FAST) facility, 
located on the north side of the Fermilab campus
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Overview of the IOTA/FAST Facility at Fermilab
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2017 JINST 12 T03002

Figure 2. Schematic layout of the IOTA ring and its two injectors. The facility includes (from left to right):
normal conducting 5 MeV electron RF photoinjector, two 1.3 SRF booster cavities CC1 and CC2, magnetic
chicane, 12 m long 1.3 SRF cryomodule, high energy electron transport beamline, 2.5 MeV RFQ proton
injector, IOTA ring, and high energy electron beam absorber.

Table 1. Key design parameters of the IOTA ring and its injectors.
Parameter Value
Circumference 40 m
Experimental straight sections 4
Particle species protons/H-ions electrons
Particle momentum (max) 70 MeV/c 150 MeV/c
Maximum space-charge parameter �Qsc > 0.5 ⇠0

• capability of circulating either proton (up to 70 MeV/c momentum or 2.5 MeV kinetic energy)
or electron (up to 150 MeV) beams;

• significantly large beam pipe aperture to accommodate large-amplitude oscillations of pencil
beams and large size proton beam;

• significantly long straight sections to accommodate the experimental apparatus, including the
nonlinear insert(s), and small enough footprint to fit in the existing FAST machine hall;

• significant flexibility of the optical lattice to accommodate all experimental options;

• precise control of the beam optics quality and stability;

• cost-e�ective solution based on conventional technology (magnets, RF).

The IOTA ring parameters are listed in tables 2 and 3 and its layout is depicted in figure 3,
where the major magnetic and diagnostic elements are shown.

The ring geometry is defined by 8 main bending dipole magnets (4 30-degree and 4 60-degree
bends) and 6 long and 2 short straight sections. The 2 short sections between 60-degree magnets,
shown vertically in the figure, are used for dispersion suppression and chromaticity correction. The
top horizontal section is used for the beam injection. The lower-left diagonal section is occupied
by the accelerating RF cavity. The remaining 4 long sections are designated for the installation of
experimental apparatus, such as the nonlinear inserts for integrable optics, the electron lens, and
optical stochastic cooling. The ring circumference is 40 m. The nominal bending magnetic field of
0.7 T allows for the maximum electron beam energy of 150 MeV. The 2.5 MeV kinetic energy of

– 3 –

263-nm laser
3000 micropulses @ 3 MHz

5 Hz rep. rate

1.3-GHz rf gun
Cs2Te cathode

3 nC/pulse

srf Tesla-type  
booster cavities

Tesla type III+ cryomodule
8 9-cell cavities

Superconducting Linac

IOTA Storage Ring

Antipov et al., JINST 12, T03002 (2017)
Broemmelsiek et al., New J. Phys. 20, 113018 (2018)

Photoinjector
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The IOTA Storage Ring
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2021 JINST 16 P05002

will be maintained, both for commissioning and for physics. Installation of the IOTA electron
lens is tentatively scheduled for the second half of 2022. More information on the IOTA physics
program can be found on the Web page of the IOTA/FAST Scientific Committee [18].

1.2 Roles of the IOTA electron lens

Electron lenses are a flexible instrument for beam physics research and for accelerator operations.
Several applications were demonstrated experimentally. They were first used in the Fermilab
Tevatron collider for beam-beam compensation, abort-gap cleaning, and halo collimation [19–22].
In the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, electron lenses
allowed experiments to reach significantly higher luminosities [23]. Recently, hollow electron
lenses for active halo control were included among the upgrades of the Large Hadron Collider at
CERN to reach higher luminosities (HL-LHC Project) [24–30]. Future applications also include
space-charge compensation in synchrotrons at FAIR [31].

The electron lens is based on low-energy, magnetically confined electron beams overlapping
with the circulating beam in a straight section of a circular particle accelerator or storage ring.
One of the main strengths of electron lenses is the possibility to shape the transverse profile and
time structure of the electron beam to obtain the desired e�ect on the circulating beam through
electromagnetic interactions [20, 32]. Moreover, the solenoidal magnetic field used in the overlap
region enhances the stability of the two-beam system.

Research with electron lenses is an essential part of the IOTA scientific program. First of
all, an electron lens can be used as a nonlinear element to create integrable lattices (section 2.1).
There are at least two ways to accomplish this: (i) the McMillan lens and (ii) the axially symmetric
thick lens. These studies will be carried out with circulating electrons first, then with protons.
Secondly, the electron lens can act as an electron cooler to enable experiments with protons that
require a range of beam lifetimes, emittances and brightnesses (section 2.2). Electron cooling

Table 1. Typical IOTA parameters for operation with electrons or protons.
Electrons Protons

Circumference, ⇠ 39.96 m 39.96 m
Kinetic energy,  1 100–150 MeV 2.5 MeV
Revolution period, grev 133 ns 1.83 �s
Revolution frequency, 5rev 7.50 MHz 0.547 MHz
Rf harmonic number, ⌘ 4 4
Rf frequency, 5rf 30.0 MHz 2.19 MHz
Max. rf voltage, +rf 1 kV 1 kV
Number of bunches 1 4 or coasting
Bunch population, #1 1 4� – 3.3 ⇥ 109

4
�

< 5.7 ⇥ 109
?

Beam current, �1 1.2 pA – 4 mA < 2 mA
Transverse emittances (rms, geom.), nG,H 20–90 nm 3–4 �m
Momentum spread, X? = �?/? 1–4 ⇥ 10�4 1–2 ⇥ 10�3

Radiation damping times, gG,H,I 0.2–2 s –
Max. space-charge tune shift, |�asc | < 10�3 0.5

– 4 –

• Can store
• electrons up to 150 MeV

• fast synchrotron-
radiation damping, 
nonlinear “single-
particle” dynamics

• protons at 2.5 MeV
• studies with strong 

space charge
• Accurate beam optics
• Large aperture (50 mm)
• Advanced instrumentation

⼜ 蜜

• Dedicated to beam physics research
• Flexible layout and lattice, to 

accommodate several modular experiments
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The IOTA Storage Ring
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The IOTA Storage Ring in May 2021
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The IOTA Proton Injector
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Key facility upgrade for the research program on space-charge-dominated beams

Construction completed: Sep 2025
First circulating protons in IOTA: Jan 2026
Commissioning under way

A. Romanov et al., IPAC 2026
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⼜ 蜜

LEBT
Species p, H2+, H3+
Energy 50 keV
Proton beam current 20 mA
Pulse length 100 us
Pulse rate 1 Hz
Transverse beam size 0.7 mm

MEBT
Energy 2.5 MeV
RFQ frequency 325 MHz
Pulse rate 1 Hz
Bunch length (rms) 0.3 ns IOTA with protons

Energy 2.5 MeV
Momentum 68.5 MeV/c
RF frequency 2.19 MHz
Revolution period 1.83 us
RF voltage 1 kV
Geometric emittance 3.5 um
Momentum spread (rms) 0.07%
Beam current 8 mA
Momentum compaction 0.07
Betatron tunes Qx, Qy 5.3, 5.3
Space-charge tune shift (max) 0.5



2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Run 1

Run 2

Run 3

Run 4

Run 5p

Run 6e

Aug 15 - Apr 3

Nov 27 - Mar 21

Oct 8 - Aug 29

Apr 1 - Oct 23
Nov 4 - Jun 14

IOTA construction completed

COVID-19 lockdown

OSC observed

Proton injector completed

Circulating protons in IOTA

Jul 31

Mar 20

Apr 20

Sep 30

Jan 28
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Timeline
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The machine runs beam a few months per year
Experimental runs are interleaved with shutdowns for maintenance and installations
Commissioning of protons in IOTA in 2026
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Mission of the Facility and of the Research Program
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• Address the challenges posed by high-intensity and high-brightness machines, 
such as instabilities and losses

• Carry out research in beam physics: space charge, cooling, phase-space control, 
radiation generation, …

• Test new technologies: equipment, diagnostics, controls, software, operations

• Provide education and training for scientists, engineers and technicians

Supported mainly by
• the high-energy-physics community at large, through the US DOE 

HEP General Accelerator R&D (GARD) sub-program
• external collaborators and research groups at labs and universities

Small accelerators with flexible apparatus for short- to medium-term research 
are a precious asset for the Fermilab program and for the community in general
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Selected IOTA Research Highlights
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Valishev et al., IPAC 2021
Kuklev, PhD Thesis, U. Chicago (2021)
Szustkowski, PhD Thesis, NIU (2020)
Wieland et al., IPAC 2024
Wieland, PhD Thesis, MSU (2026)
Wieland et al., arXiv:2607.21863 (2026)

1. Demonstrate large (as predicted by modeling) nonlinear 
amplitude-dependent tune shift without reduction of 
dynamical aperture
ü For QI system as a function of Q0 and strength = t

• Good agreement with simulations
ü For DN system as a function of strength = t

• Poor DA at some t or amplitude – need Stage 3 experiments

Run-2 Results

10/28/21 Valishev | IOTA NIO Experiments12

N.Kuklev S.Szustkowski

Jarvis, Lebedev, Romanov et al., 
Nature 608, 287 (2022)
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Fermilab Integrable Optics Test Accelerator
IOTA Run 2
Feb. 20−21, 2020

G. Stancari for the IOTA team

Stancari, FERMILAB-FN-1116-AD (2020)
Romanov et al., JINST 16, P12009 (2021)
Lobach et al., JINST 17, P02014 (2021)
Romanov et al., IPAC 2024; NAPAC 2025

source; Dx, Dx0 are the horizontal dispersion and its
derivative, and the vertical dispersion is assumed to be
zero; ϵx, ϵy are the unnormalized rms emittances; σp is
the relative rms momentum spread. The following two
useful relations exist, σ2x ¼ Σ2

x þ σ2x0Δ
2
x, σ2y ¼ Σ2

y þ σ2y0Δ
2
y,

where σx and σy are the transverse rms beam sizes. The
complex radiation field amplitude Ek;sðϕÞ, generated by a
reference electron, is given by the following expression,
see [5,26], [[1] p. 38],

Ek;sðϕÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αk

2ð2πÞ3

s Z
dtesðkÞ · vðtÞeickt−ik·rðtÞ; ð7Þ

where k ¼ kðϕx;ϕy; 1 − ϕ2
x=2 − ϕ2

y=2Þ, α is the fine-
structure constant, esðkÞ is the considered polarization
vector (s ¼ 1, 2), rðtÞ is the trajectory of the reference
electron in the synchrotron radiation source, vðtÞ is the
velocity of the reference electron as a function of time,
c is the speed of light. The electrons are assumed to be
ultrarelativistic, γ ≫ 1, where γ is the Lorentz factor.
The parameter hN s:e:i in Eq. (2) is the average number

of detected photons per turn for a single electron (s.e.)
circulating in the ring. We consider the case of an
incoherent radiation (σzk ≫ 1). Therefore, the average
number of detected photons for the entire bunch can be
obtained as

hN i ¼ nehN s:e:i: ð8Þ

The integrals in Eqs. (2) and (5) are taken from minus to
plus infinity over all integration variables except for k,
which goes from zero to plus infinity. The spectral
sensitivity and the aperture of the detector are assumed
to be included in the detection efficiency ηk;sðϕÞ, which is a
function of polarization, k, and ϕ for that reason.
The derivation of Eq. (2) is largely analogous to [5]

and is outlined in Appendix A. Appendix B provides an
illustrative closed-form expression for M, based on Eq. (2)
in the approximation of a Gaussian spectral-angular dis-
tribution of the radiation.
In IOTA, we study undulator radiation, because the

quadratic term in Eq. (1), sensitive to bunch parameters,
is larger for undulators and wigglers than it is for dipole
magnets [5]. The complex field amplitude Ek;sðϕÞ, generated
by a single electron, can be numerically calculated by our
computer code [28], based on the equations from [29], or by
using the SRW package [30]. Then, the integrals in Eqs. (2)
and (5) can be calculated by a Monte-Carlo algorithm. Our
C++ code with Python bindings for calculation of Eqs. (2)
and (5) is provided in the repository [31].

III. APPARATUS

In our experiment, a single electron bunch circulated in
the IOTA ring, see Fig. 1(a), with a revolution period of

133.3 ns and the beam energy of 96.4% 1 MeV. We
studied two transverse focusing configurations in IOTA:
(1) strongly coupled, resulting in approximately equal
transverse mode emittances and (2) uncoupled, resulting
in two drastically different emittances. Henceforth, we will
refer to the beams in these configurations as “round”
and “flat” beams, respectively. In both cases, the bunch
length and the emittances depend on the beam current due
to intrabeam scattering [32,33], beam interaction with its
environment [34], etc. The longitudinal bunch density
distribution ρðzÞ was measured and recorded by a high-
bandwidth wall-current monitor [35]. It was not exactly
Gaussian, but this fact was properly accounted for by
Eq. (6) for σeffz , which works for any longitudinal bunch
shape. The IOTA rf cavity operated at 30 MHz
(4th harmonic of the revolution frequency) with a voltage
amplitude of about 360 V. The rms momentum spread σp
was calculated from the known rf voltage amplitude,
the design ring parameters and the measured rms bunch
length σz. In our experiments, the relation was

σp ≈ 9.1 × 10−6 × σz½cm': ð9Þ

It is an approximate equation, because of the bunch-
induced rf voltage (beam loading) and a small deviation
of ρðzÞ from the Gaussian shape. However, the effect of σp
in Eq. (2) in IOTA was almost negligible. Therefore, such
estimation was acceptable.
For the round beam, the IOTA transverse focusing

functions (4D Twiss functions) were chosen to produce
approximately equal mode emittances at zero beam current,
ϵ1 ≈ ϵ1 ≈ 12 nm (rms, unnormalized). It was empirically
confirmed that they remained equal at all beam currents
with a few percent precision. The expected zero-current
emittances for a flat beam were ϵx ≈ 50 nm, ϵy ≳ 0.33 pm

FIG. 1. (a) Layout of IOTA. (b) Light path from the undulator to
the detector (not to scale).

MEASUREMENTS OF UNDULATOR RADIATION … PHYS. REV. ACCEL. BEAMS 24, 040701 (2021)

040701-3

Lobach et al., PRAB 23, 090703 (2020)
Lobach et al., PRAB 24, 040701 (2021)
Lobach et al., PRL 126, 134802 (2021)
Lobach, PhD Thesis (2021)
Stancari et al., IPAC 2024 and 2026

Nonlinear Integrable Optics

Optical Stochastic Cooling

Single-Electron Tracking

Classical and Quantum Properties of Radiation
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Near-Term Plans: Experiments with Electrons
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• characterize new nonlinear magnet in preparation for 
experiments with protons (NIO) 
[Fermilab, UChicago]

• measure stability diagrams through controlled instability 
thresholds to evaluate nonlinear lattices (NIOLD) 
[Fermilab, UChicago]

• measure Cherenkov diffraction radiation with a known 
number of electrons as non-destructive longitudinal beam 
diagnostics for light sources and colliders (CheDiRa) 
[CERN, Fermilab]

• commission new single-photon imaging detector with 
high spatial and temporal resolution (Pixyte) 
[INFN, Fermilab, CERN]

(a) Beam centroid position growth turn-by-turn. (b) growth rate fit after processing.

Figure 2: Simulated growth rate data analysis.

These analysis procedures will be used throughout Run 6 to obtain the stability diagrams from
Landau Damping.

6 Personnel Roles

Robert Ainsworth: investigation, data analysis, writing.
Alexey Burov: theory, methodology, writing.
Mary Duncan: investigation, software, data analysis, writing.
Nathan Eddy: conceptualization, investigation, software, data analysis, writing.
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5

Explore whether the Danilov-Nagaitsev magnet can 
improve beam stability at high-intensities, and in the 
presence of impedance generated by the waker.
Measurability: Experiments must show increase of 
collective instability threshold and lower emittance 
growth.
Attainability: Single-particle dynamics already 
studied during electron run. New magnet with 
improved aperture delivered by RadiaBeam.
Relevance: Inform the design of a future Booster 
replacement.
Time scale: Demonstrate increase in instability 
threshold at low intensities (this run), lower 
emittance growth at high intensities (2nd proton run).

Goal 3: Explore Non-linear Integrable
Optics as a tool to increase intensity

10

Danilov-Nagaitsev Magnet Gen 2 delivered by 
RadiaBeam in 2025.

Negligible beam loss while crossing the integer resonance
J. Wieland et al., IOTA/FAST collaboration meeting, 2024

Banerjee | Accelerator Advisory Commitee

DN Magnet Gen 2

Charge #4

P - Banerjee



FE
R

M
I N

AT
IO

N
AL

 A
C

C
EL

ER
AT

O
R

 L
AB

O
RA

TO
RY

   
  

Near-Term Plans: Experiments with Electrons

14Giulio Stancari     Space Charge Measurement and Compensation Studies: A-2 Session Lead Talk Space Charge 2026     Oxford     30 Sep 2026

setup, located along one of the IOTA arms. PU and KU
denote the pickup and kicker undulators, respectively. Mag-
nets M1 through M4 form the chicane for particle bypass.
Lenses L1 to L4 constitute the telescopic relay system map-
ping the undulator radiation from PU to KU. Two dichroic
mirrors (DCM) couple the pump beam into and out of the
nonlinear crystal. The second DCM also serves as a delay
plate to adjust the relative timing between the optical path
and particle bypass. A lens L focuses the pump beam into
the nonlinear crystal (NC), which amplifies the signal from
PU.

Figure 5: Schematic of the experimental setup at IOTA,
illustrating undulators (PU, KU), chicane magnets (M1–M4),
lenses (L1–L4), dichroic mirrors (DCM), pump focusing
lens (L), and nonlinear crystal (NC).

Prior to commissioning the beamline setup, we con-
structed a tabletop prototype amplifier in our laser labora-
tory to evaluate OPA performance and the telescopic system.
The prototype used a mode-locked Nd:YLF laser producing
12-ps pulses at 5 Hz repetition rate, centered at 1.053 μm.
Figure 6 presents a photograph of the prototype. Since the
pickup undulator was unavailable, we emulated the syn-
chrotron radiation signal using a 10-mm-long PPLN-based
optical parametric generator (OPG). The OPG signal was
spectrally filtered to remove the pump and injected into a sec-
ond 3-mm-long PPLN crystal. Pumping this crystal ampli-
fied the signal mimicking the actual OSC conditions. Diag-
nostics were performed on the amplified output after filtering
residual pump light via a dichroic mirror.

Figure 6: Tabletop prototype OPA setup in the laser labora-
tory, illustrating the OPG source, amplification stage, and
diagnostic components.

We recorded spectra using a MOZZA spectrometer and
measured power gain with a photodiode (not shown). Fig-
ure 7(a) compares the spectra of the initial OPG signal and
the amplified output. Figure 7(b) plots the gain derived
from the measurements. Broadband gain of approximately
30 dB was achieved, limited by the 3-mm crystal length
compared to the simulated 3.86-mm crystal. The central dip
in the gain spectrum likely arises from a phase mismatch,Δ𝜙 = 𝜙𝑝 − 𝜙𝑠 − 𝜙𝑖 ≠ 𝜋, between pump and signal/idler
waves.

Figure 7: Experimental results: (a) Measured spectra of
the OPG signal (blue) and amplified output (green). (b)
Calculated gain versus wavelength showing a peak of ∼30 dB and a central dip attributed to non 𝜋 phase difference.

CONCLUSION
We have demonstrated a design and tabletop validation of

a high-gain, phase-preserving optical parametric amplifier
tailored for enhanced optical stochastic cooling at IOTA.
Our analysis identified optimal phase-matching conditions
near degeneracy, revealing the critical role of input phase
alignment to avoid detrimental phase shifts during amplifi-
cation. The implemented four-lens telescope ensures precise
relay of the undulator radiation with minimal depth-of-field
effects, maintaining spatial and phase coherence essential
for OSC. Experimental tests using a prototype setup verified
gain exceeding 30 dB and confirmed the phase sensitivity
predicted by theory. These results establish a robust founda-
tion for integrating a compact, high-performance amplifier
within the strict optical delay constraints of IOTA, advancing
the practical realization of amplified OSC systems.
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Preparations for optical stochastic cooling with amplification: 
parametric amplifier, specialized optics, magnetic lattices

• Dramatically reduce cooling times

• Test new types of beam manipulation, such as optical stochastic 
crystallization (OSX) for steady-state micro-bunching, as a unique 
next-generation light source

Jarvis et al., ECA Grant
Wallbank and Jarvis, FEL 2024; arXiv:2409.06619
Mondal et al., NAPAC 2025
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Does nonlinear integrable optics enable higher 
intensities?
[Wieland, Romanov, Valishev et al.]

Measurement of collective instability thresholds and the 
role of convective instabilities, using feedback to mimic 
impedance
[Ainsworth, Gonzalez-Ortiz et al.]

Can space-charge-induced Landau damping mitigate 
transverse coherent instabilities?
[Oeftiger, Straniero et al.]

Banerjee, Romanov, Stancari and Wallbank, JINST 21, T04001 (2026)

The Waker Experiment
Commissioned new 1 GHz feedback board this run and was able to time and synchronize the system

10

Oscilloscope

Stripline PickUp

∼ Gain

+πdelay

Prerequisite: What experimental conditions are achievable? Proton dynamics scenarios in IOTA
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Can electron lenses be used for nonlinear integrable 
optics and space-charge compensation?
[Stancari et al., JINST 16, P05002 (2021); Park et al., 
JINST 16, P03048 (2021)]

Development of new fast and accurate beam 
diagnostics: ionization profile monitors, diamond beam 
loss monitors, gas-sheet profile monitors, etc.
[Piekarz et al., JINST 20, T10007 (2025); Warner et al.; 
Szustkowski et al.]

Improve numerical modeling of beam dynamics with 
space charge [Banerjee, Mitchell, Shatilov, Wieland et 
al.]

New ideas welcome!

ELECTRON  
GUN

MAIN SOLENOID

COLLECTOR

TRANSPORT 
SOLENOID 1

TRANSPORT 
SOLENOID 2

TOROIDAL  
SECTION 1

DIAGNOSTIC  
STATION

TOROIDAL  
SECTION 2 BPM1BPM2

GUN 
SOLENOID

COLLECTOR  
SOLENOID

ELECTRODES

2025 JINST 20 T10007

Figure 1. Close-up view of the IOTA IPMs. Anode strips at the bottom are parallel to the proton beam
(not shown).

IPMs [11–16] are fast and non-destructive diagnostic tools used in proton and ion linacs, colliders
and rapid cycling synchrotrons (RCS) [17–20]. They operate by collecting ions or electrons created
after the ionization of residual vacuum molecules by high energy charged particle beams [1, 21],
which are then guided to a detector by a uniform external electric field 𝐿ext. 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 figure 1.

Space-charge forces of the primary beams make the measured IPM profiles di!erent from those
of the beams and must be correctly accounted. Theory of the IPM without a guiding magnetic
field [22] allows reconstruction of the actual beam sizes from measured IPM profiles given the key
parameters, such as high-energy beam intensity 𝑀 and IPM extracting field 𝐿ext = 𝑁0/𝑂 which
is the electric field due to the voltage gradient 𝑁0 across the IPM gap 𝑂. 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 the IPM detector is:

𝑃𝐿 = 𝑃0 · 𝑄 → 𝑃0 ·

1 + 2𝑅SC

𝐿ext𝑃0

$%%
&
ω
(

1
4

)
3

√
𝑆

𝑃0
↑
↓
𝑇

2
*++
,


. (1.1)

Here, the gamma-function ω( 1
4 ) → 3.625. The space-charge expansion factor 𝑄 is determined only

by the space-charge potential of the primary proton beam 𝑅SC = 30[𝑁]𝑈𝑀/𝑉𝑁, its rms size 𝑃0, the
IPM extracting field 𝐿ext = 𝑁0/𝑂, and the beam-to-MCP distance 𝑆 but it does not depend on the
type of secondary species (their mass and charge, etc). Equation (1.1) can be easily solved, and
the original 𝑃0 can be found from 𝑃𝐿 [22].

For the IOTA proton ring parameters — see table 1 — eq. (1.1) predicts very modest space-
charge expansion of the beam profile in the IPMs 𝑄 ↑ 1 → 0.01–0.1 and the monitors can therefore
operate only with a guiding electric field. No need for the guiding magnetic fields significantly
simplifies the IPM design.

– 2 –
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IOTA/FAST web site
fast.fnal.gov

IOTA/FAST Scientific Committee
cdcvs.fnal.gov/redmine/projects/ifsc/wiki/

BeamNetUS
beamNetUS.org

Collaboration Meeting 2024
indico.fnal.gov/e/62181

Special Issue of the Journal of Instrumentation
iopscience.iop.org/journal/1748-0221/page/extraproc90

https://fast.fnal.gov
https://cdcvs.fnal.gov/redmine/projects/ifsc/wiki/
https://www.beamnetus.org
https://indico.fnal.gov/e/62181
https://iopscience.iop.org/journal/1748-0221/page/extraproc90
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Cristhian Gonzalez-Ortiz (Fermilab, USA)
Experimental Studies of Space Charge and Collective Beam Instabilities with the Fermilab 
Recycler Waker System

Markus Kirk (GSI/FAIR, Germany)
Plans for Space-Charge Compensation with Electron Lenses at GSI

Yu Du (IMP, China)
Circumventing Space Charge: Toward Transport-Free Tomography of High-Dimensional Phase 
Space in High-Intensity Linacs

Ippei Yamada (J-PARC, Japan)
Emittance Growth Under Space Charge Neutralization Condition in Low-Energy Beam Transport
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What interesting scientific or technological questions could be studied at IOTA?

How do we better quantify prediction uncertainties of existing space-charge models? For 
instance, systematics due to approximations and assumptions. How do we improve our practices 
to include uncertainty quantification in calculations?

IOTA can store a known small number of electrons. Could one learn something interesting or 
useful about scattering and space charge from experiments with 1, 2, 3, …, 100 electrons?

Are there good examples of dimensional analysis and dynamical similarity used in space-
charge physics to deduce scaling laws or predictions? [E.g., constant perveance of space-charge-
limited e-gun vs. scaling of linear dimensions]

Can analogue systems and computing assist in studying complex systems where analytical or 
numerical solutions are hard to obtain?

…[your ideas]…
Thank you for your attention and 

for your contributions to the discussion!
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