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1 Electron Lenses and the IOTA Research Program58

In the Fermilab Integrable Optics Test Accelerator (IOTA) [1], a rich beam physics research59

program has started. Part of this program is based on novel applications of electron lenses. After60

an introduction on electron lenses and on the IOTA ring, we outline the scientific program, describe61

the experimental design criteria, and give an overview of the apparatus.62

1.1 The IOTA Storage Ring and Beam Physics Program63

IOTA is a storage ring dedicated to beam physics research (figure 1). It can operate with both64

electrons or protons and it is part of the Fermilab Accelerator Science and Technology (FAST)65

facility [1], which also includes the FAST superconducting linac. The IOTA/FAST complex has66

three main purposes: (i) to address the challenges posed by future high-intensity machines, such67

as instabilities and losses; (ii) to carry out basic research in beam physics; and (iii) to provide68

education and training for scientists and engineers.69

IOTA is unique also because of its flexibility. It has a circumference of 40 m and a relatively70

large aperture diameter (50 mm). It can be reconfigured to accommodate different experiments71

and, because of the quality of the instrumentation, the magnetic lattice can be precisely controlled.72

In addition, the lattice itself was designed to have significant flexibility to enable a wide variety of73

studies. IOTA can store electrons up to a kinetic energy of 150 MeV or protons at 2.5 MeV. The74

main IOTA parameters are listed in table 1. Because of the relatively fast synchrotron-radiation75

damping and small equilibrium emittances, electrons are ideal for the study of linear and nonlinear76

single-particle effects. With protons, on the other hand, very large space-charge tune shifts Δasc are77

achievable. Many fundamental questions on the physics of high-brightness beams can be studied,78

such as the effect of nonlinear integrable lattices on instability thresholds, the interplay between79

space charge and nonlinearities, space-charge compensation, emittance evolution, halo formation80

and beam diagnostics.81

One of the pillars of the IOTA research program is the experimental study of nonlinear82

integrable focusing systems [2–11]. Because of their nonlinearity, these systems generate a betatron83

tune spread, protecting the beam from instabilities through Landau damping. Integrability ensures84

that the nonlinearity does not reduce the dynamic aperture of the machine, thus preserving beam85

lifetime and emittance. The experimental demonstration of these concepts can significantly impact86

the design and performance of high-intensity accelerators for nuclear and particle physics. Several87

other topics are being studied in IOTA, such as the statistical properties of undulator radiation [12–88

14] and the experimental demonstration of optical stochastic cooling [15]. In addition, IOTA has the89

capability of storing single electrons or a small known number of electrons [16, 17]. Experiments90

on the coherence properties of two-photon undulator radiation from a single electron, for instance,91

will take place in the near future.92

Electrons were circulated in IOTA for the first time in August 2018. Typically, the machine93

runs for a few months, after which it is shut down for maintenance and upgrades and reconfigured94

for the next experimental run. IOTA Run 1 lasted until April 2019. Run 2 took place between95

November 2019 and March 2020. Currently, the machine is being commissioned for Run 3.96

Installation of the proton injector is scheduled to be completed at the end of 2021, enabling research97

on space-charge-dominated beams. The ability to switch between proton and electron operations98

– 2 –



ELECTRON LENS

INJECTION

AL AR

BR

CR

DR

EREL

DL

CL

BL

M1L

M3L

M4L M4R

M3R

M2R

M1R

RF CAVITY

M2L

Figure 1. The IOTA storage ring at Fermilab. The layout shows the planned location of the electron lens. The
sectors are named AR (A Right), BR, etc. through AL (A Left). The dipole magnets and the corresponding
synchrotron-radiation stations are labeled as M1R, M2R, . . . , M1L. (Photo: Giulio Stancari / Fermilab)
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will be maintained, both for commissioning and for physics. Installation of the IOTA electron99

lens is tentatively scheduled for the second half of 2022. More information on the IOTA physics100

program can be found on the Web page of the IOTA/FAST Scientific Committee [18].101

1.2 Roles of the IOTA Electron Lens102

Electron lenses are a flexible instrument for beam physics research and for accelerator operations.103

Several applications were demonstrated experimentally. They were first used in the Fermilab104

Tevatron collider for beam-beam compensation, abort-gap cleaning, and halo collimation [19–22].105

In the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, electron lenses106

allowed experiments to reach significantly higher luminosities [23]. Recently, hollow electron107

lenses for active halo control were included among the upgrades of the Large Hadron Collider at108

CERN to reach higher luminosities (HL-LHC Project) [24–30]. Future applications also include109

space-charge compensation in synchrotrons at FAIR [31].110

The electron lens is based on low-energy, magnetically confined electron beams overlapping111

with the circulating beam in a straight section of a circular particle accelerator or storage ring.112

One of the main strengths of electron lenses is the possibility to shape the transverse profile and113

time structure of the electron beam to obtain the desired effect on the circulating beam through114

electromagnetic interactions [20, 32]. Moreover, the solenoidal magnetic field used in the overlap115

region enhances the stability of the two-beam system.116

Research with electron lenses is an essential part of the IOTA scientific program. First of117

all, an electron lens can be used as a nonlinear element to create integrable lattices (section 2.1).118

There are at least two ways to accomplish this: (i) the McMillan lens and (ii) the axially symmetric119

thick lens. These studies will be carried out with circulating electrons first, then with protons.120

Secondly, the electron lens can act as an electron cooler to enable experiments with protons that121

require a range of beam lifetimes, emittances and brightnesses (section 2.2). Electron cooling122

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, ℎ 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? = Δ?/? 1–4 × 10−4 1–2 × 10−3

Radiation damping times, gG,H,I 0.2–2 s —
Max. space-charge tune shift, |Δasc | < 10−3 0.5
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has a long history, but this is the first time that cooling and lens capabilities are integrated in a123

single device. Another important function of electron lenses is their ability to generate tune shifts124

and tune spreads, tailored to each bunch train, as demonstrated in the Tevatron and at RHIC. For125

high-energy colliders, electron lenses are the best option to enhance the stabilizing mechanism of126

Landau damping (section 2.3). In IOTA, we plan to study this option further, with experimental127

demonstrations of the electron lens as Landau element to suppress instabilities introduced in a128

controlled way. Finally, the physics and technology of space-charge compensation in rings can129

be addressed (section 2.4). Demonstrations have been attempted in the past but were never fully130

achieved. For this purpose, we envisage two scenarios using the IOTA electron lens: (i) an ‘electron131

column’, where the low-energy electron beam is off, the negative compensating charge is generated132

by the protons via residual-gas ionization, and the secondary electrons are trapped as a non-neutral133

plasma column in a Penning-Malmberg configuration; or (ii) an electron lens with transverse and134

possibly longitudinal profiles tailored to compensate the space charge of the proton beam. These135

applications are described in more detail in the following sections, together with an outlook on136

other advanced topics. Part of this research requires circulating electrons for commissioning and137

to measure linear and nonlinear single-particle effects. Experiments on intensity effects and space138

charge will be carried out with proton beams.139

In IOTA, the electron lens will be installed in the DR straight section (figure 1). The length of140

the section is 1.4 m. The layout of the IOTA electron lens is shown in figure 2. The low-energy141

electron beam (0.5–10 keV, typically) is generated in the electron gun and transported through142
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Figure 2. Layout of the IOTA electron lens.
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solenoid channels and a toroidal section to the overlap region, where it interacts with the IOTA143

circulating beam — electrons or protons. It is then directed towards the collector in a similar144

way. A summary of the IOTA electron lens parameters is given in table 2. The design criteria are145

discussed in more detail in section 3. Some of the main components of the apparatus are described146

in section 4.147

The cathode-anode voltage + determines the velocity E4 = V42 of the electrons in the device,148

which has length ! and is located in a region of the ring with equal lattice amplitude functions149

VG = VH = V̂. When acting on a circulating beam with magnetic rigidity (�d) and velocity150

EI = V12, the linear focusing strength :4 for circulating particles with small betatron oscillation151

amplitudes is proportional to the magnitude of the electron current density on axis 90:152

:4 = 2c
90! (1 ± V4V1)
(�d)V4V122

(
1

4cn0

)
@4@1

|@4@1 |
. (1.1)

The ‘−’ sign applies when the beams are co-propagating and the electric and magnetic forces act in153

opposite directions. The last term contains the charges of the electron beam @4 and of the circulating154

particles @1. It indicates a focusing effect (:4 < 0, restoring force) or a defocusing effect (:4 > 0).155

At large electron beam currents in the electron lens, the focusing of the electron beam itself may of156

course distort the lattice. For small focusing strengths and away from the half-integer resonance,157

these kicks translate into the tune shift158

Δa = − V̂ 90! (1 ± V4V1)
2(�d)V4V122

(
1

4cn0

)
@4@1

|@4@1 |
. (1.2)

for particles circulating near the axis. Different current-density distributions 9 (A) introduce a159

radial dependence in the focusing strength and therefore different linear or nonlinear effects on the160

Table 2. Typical IOTA electron lens parameters.
Parameter Value
Lattice amplitude functions, V̂ 2–4 m
Circulating beam size (rms), 4− 0.4–0.6 mm
Circulating beam size (rms), ? 0.9–4 mm
Circulating beam divergence (rms), 4− 0.15–0.21 mrad
Circulating beam divergence (rms), ? 0.3–1.4 mrad
Cathode-anode voltage, + 0.5–10 kV
Peak current, �4 5 mA – 3 A
Pulse width 200 ns to DC
Pulse repetition rate DC to 10 kHz
Cathode radius, A2 < 15 mm
Current-density distributions McMillan, Gaussian, flat, semi-hollow
Length of the main solenoid, ! 0.7 m
Main solenoid field, �< 0.1–0.5 T
Gun and collector solenoid fields, �6 and �2 0.1–0.4 T
Beam size compression,

√
�</�6 0.5–2.2

Current-density magnification, �</�6 0.25–5
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circulating beam. The time structure of the low-energy electron pulse can also be varied, if the161

application requires it. This feature can be used, for instance, to adjust focusing strengths for each162

bunch or, within limits, for each subset of particles within a bunch.163

The principle of the electron lens is based on the fact that the electron beam is magnetized.164

This means that the electron Larmor radius A! = ?⊥/(@4�) is small compared to the transverse165

beam size A1 and it is also smaller or of the order of the typical distance between electrons166

A0 =
3
√

3/(4c=4), to suppress intrabeam scattering. Here ?⊥ is the component of the electron167

momentum perpendicular to the magnetic field; its distribution depends on the cathode temperature,168

emission geometry, and field curvature. The quantity =4 = 9/(@4E ‖) represents the electron density.169

In a perfectly magnetized beam, the electrons spiral around the field lines. Because current is170

conserved, the beam sizes A6 and A< and current densities 96 and 9< at the gun and main solenoids,171

respectively, are related through the ratio of magnetic fields �6 and �<:172

�6A
2
6 = �<A

2
<,

96

�6
=
9<

�<
. (1.3)

In other words, the ratio of the fields is used to control the compression or expansion of the beam.173

2 Research Areas Based on the IOTA Electron Lens174

2.1 Nonlinear Integrable Optics175

A breakthrough in the study of dynamical systems was the realization that nonlinear integrable176

optics (NIO) can be implemented in an accelerator with certain lattice symmetries using special177

magnets or electron lenses [2–5, 33–36]. The design and first experimental results using nonlinear178

magnets in IOTA are described in refs. [6, 8–10]. In the case of electron lenses, two systems have179

been identified: (i) the McMillan electron lens and (ii) the axially symmetric thick lens.180

2.1.1 McMillan Lens181

In refs. [37, 38], McMillan considered the stability of dynamical systems in general and described182

how to build one-dimensional symplectic nonlinear transformations with a conserved quantity,183

using geometrical and algebraic arguments. In particular, he showed that if the variables @ and ?184

(representing generic coordinates and momenta, for example) are transformed according to the185

nonlinear discrete map186 
@=+1 = ?=

?=+1 = −@= +
2n ?=
1 + ?2

=

, (2.1)

the quantity �1D = @
2?2 + @2 + ?2 − 2n@? is invariant. The value of n parameterizes the strength of187

the nonlinearity.188

The McMillan transformation can be generalized to two dimensions and applied to the trans-189

verse motion of a particle in a storage ring [2–4, 33]. The ring is modeled as twomain elements: (i) a190

linear arc with equal amplitude functions VG = VH = V̂ at the electron lens and equal phase advances191

`G = `H = 2ca equal to an oddmultiple of c/2, corresponding to a tune a = 1/4; (ii) a radial nonlin-192

ear kick :4A/
[
1 + (A/0)2

]
at the electron lens, where :4 is the strength (eq. 1.1) and 0 represents the193
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width of the nonlinear distribution. In Cartesian coordinates (G, G ′ = %G/%I , H, H′ = %H/%I), where194

(G, H) is the transverse position and % is the particle momentum (with %G � %I and %H � %I), the195

full one-turn symplectic map has the following form:196 

G=+1 = V̂G
′
=

G ′=+1 = −
G=

V̂
+ V̂:4G

′
=

1 + V̂2 G′=
2+H′=2

02

H=+1 = V̂H
′
=

H′=+1 = −
H=

V̂
+ V̂:4H

′
=

1 + V̂2 G′=
2+H′=2

02

. (2.2)

This map is integrable, having two independent invariants: the longitudinal component of the197

angular momentum198

!I = %I · (GH′ − HG ′) (2.3)

and the 2D McMillan invariant199

� =
1
04

[
V̂2

(
G2G ′2 + H2H′2

)
+ 2V̂2GG ′HH′ + 02

(
G2 + H2

)
+ 02 V̂2

(
G ′2 + H′2

)
− :402 V̂2 (GG ′ + HH′)

]
.

(2.4)
The required shape of the nonlinear kicks is generated by the following current-density distri-200

bution in the electron lens:201

9 (A) = 90[
1 +

(
A
0

)2
]2 . (2.5)

The width is parameterized by the value of 0, which is also the effective radius for the calculation202

of the total current: �4 = 90 · (c02), as can be shown by integration.203

In the linear limit (flat current-density distribution, or A � 0), long-term stability of the iterated204

map requires
��V̂:4�� < 2. The tune of particles on axis is then205

a =
1

2c
arccos

(
V̂:4

2

)
(on axis) (2.6)

and it represents the maximum deviation from the unperturbed tune a = 1/4.206

Because of the symmetry of the system, it is convenient to use radial and azimuthal coordinates207

and momenta208

A =

√
G2 + H2, ?A =

GG ′ + HH′√
G2 + H2

,

\ = arctan2 (H, G), ?\ =
GH′ − HG ′√
G2 + H2

,

(2.7)

and the conserved component of the angular momentum (divided by the constant longitudinal209

momentum):210

! = !I/%I = A ?\ . (2.8)

In polar coordinates, the McMillan invariant is211

� =
V̂2

02

(
A2?2

A

02 +
A2

V̂2
+ ?2

A + ?2
\ − :4A ?A

)
. (2.9)
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The McMillan system can be further generalized to take into account the coupling effect of the212

electron-lens solenoid.213

One of themain figures ofmerit of nonlinear integrable systems in accelerators is the achievable214

range of betatron tunes or tune spread, on which the stabilization mechanism (Landau damping)215

is based. In the electron-lens case, small amplitude particles experience the full intensity of the216

nonlinear kick, whereas particles at large amplitudes are almost unperturbed. For this nonlinear217

system, it is possible to obtain analytical expressions for the tunes as a function of dimensionless218

invariants [36]. In ref. [39], the detuning is expressed in terms of the physical parameters V̂, :4219

and 0, with additional considerations for experiments in IOTA. For a ‘weak’ nonlinear McMillan220

lens (
��V̂:4�� < 2), eq. 2.6 yields the maximum detuning. In a strong nonlinear lens (

��V̂:4�� ≥ 2), a221

subset of particles in the beam core experiences the full detuning Δa = 0.25. Therefore, the use of222

McMillan lenses for nonlinear integrable optics favors lattices with large V̂ and :4.223

2.1.2 Axially Symmetric Thick Lens224

Another two-dimensional system that can be implemented with electron lenses is one where the225

axial component of a particle’s angular momentum is conserved together with its Hamiltonian [2].226

In this case, the nonlinear radial kick can have an arbitrary form. The main requirements are that227

(i) the kick is given in a region with equal beta functions and (ii) the rest of the ring can be modeled228

by round linear transformations with phase advances that are integer multiples of c. In a solenoid229

of length ! and axial field �I , the amplitude function can be kept constant at V̂ = 2(�d)/�I ,230

resulting in a phase advance Δ` = �I!/[2(�d)] = !/V̂. In this case, the detuning is maximized231

by increasing the field and length of the solenoid. The effect of the electron lens can be modeled in232

a symplectic way by interleaving solenoid slices with thin nonlinear kicks.233

2.2 Electron Cooling234

One of the key aspects of the IOTA research program is the understanding and control of space-235

charge-dominated beams. In general, these studies require a range of beam lifetimes and brightnesses236

and an electron cooler is extremely helpful in providing this flexibility. Moreover, the combination237

of electron cooling and nonlinear integrable lattices opens up the possibility of exceeding current238

proton beam brightness limits. Finally, an electron cooler will provide a flow of neutral hydrogen239

atoms through recombination that can be used for beam diagnostics [40].240

2.2.1 Electron Lens as Electron Cooler241

The beam of the IOTA electron lens can be used for cooling protons if their average velocities match242

(V4 = V1), corresponding to an electron kinetic energy of 1.36 keV for 2.5 MeV protons.243

A set of parameters for proton cooling is shown in table 3. The injector can provide a maximum244

proton current of 8 mA and geometrical rms emittances of about 4 `m. The parameters are chosen245

to balance the dominant heating and cooling mechanisms, while achieving significant space-charge246

tune shifts. At injection, the beam practically fills the transverse and longitudinal apertures. The247

rms beam sizes correspond to about a quarter of the aperture limits.248

The main processes leading to emittance growth are intrabeam scattering (IBS) and multiple249

Coulomb scattering (MCS) on the residual gas. For the parameters in table 3, transverse and250

– 9 –



longitudinal IBS emittance growth rates are of the order of 10 s. Rates are much faster for particles251

at small amplitudes. Adjustments of the cooler settings enable one to control the dependence of252

the cooling force on particle amplitude, thus providing a powerful mechanism for manipulating253

equilibrium beam distributions. IBS also introduces temperature exchanges between degrees of254

freedom, with time scales of about 3 s. Multiple Coulomb scattering gives emittance growth rates255

of 20–30 s.256

Proton losses are caused by single Coulomb scattering (SCS) on the residual gas and by257

emittance growth. (Charge neutralization is discussed below.) In IOTA Run 2, with electrons, the258

equivalent atomic hydrogen pressure was 5× 10−8 hPa. At these levels, the SCS maximum lifetime259

would be 17 minutes for a zero-emittance beam and considerably shorter for emittances comparable260

with the machine acceptance. With protons, vacuum levels need to be in the 10−9 hPa range or261

better, as electron cooling can counter emittance growth, but it cannot mitigate SCS losses.262

Themaximum electron beam current in the cooler is constrained by the the space-charge voltage263

depression Δ+ ' (30 V/A)�4/V4, which causes a corresponding spread in electron velocities. For264

cooling, this spread should be of the order of or smaller than the momentum spread of the protons.265

For this reason we set �4 = 10 mA. The lattice functions are VG = VH = V̂ = 4 m to minimize proton266

divergence. The electron beam radius A< = 12 mm is chosen to cover at least 3 standard deviations267

of the proton beam size. Under these conditions, cooling times are of the order of 0.1 s and they are268

short compared to the IBS and MCS emittance growth rates, as required. The achievable cooling269

rates and equilibrium emittances depend on the features of the apparatus, such as the straightness270

Table 3. Proton cooling scenario in IOTA.
Proton kinetic energy,  1 2.5 MeV
Proton velocity parameter, V1 0.073
Lattice functions at cooler, V̂ 4 m
Transverse machine acceptance, �G,H 70 `m
Rf voltage, +rf 0.81 kV
Rf harmonic number, ℎ 4
Relative momentum acceptance, X̂? 5.3 × 10−3

Number of protons per bunch, #1 3.7 × 109

Proton beam current, �1 1.3 mA
Transverse emittances (geom., rms), nG,H 4.3 `m, 3.0 `m
Relative momentum spread, X? 1.3 × 10−3

Bunch length, fB 0.8 m
Rms beam size at electron lens, fG,H 4.1 mm, 3.5 mm
Space-charge tune shift, Δasc −0.5
Electron kinetic energy,  4 1.36 keV
Electron velocity parameter, V4 0.073
Electron beam current, �4 10 mA
Electron current-density distribution Flat or semi-hollow
Electron beam radius, A< 12 mm
Electron density, =4 5.9 × 1012 m−3
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of the solenoid field lines, the stability of the high-voltage power supplies, and vacuum. Reductions271

of the transverse emittances and momentum spread by about a factor 10 are achievable, with a272

corresponding increase in brightness.273

2.2.2 Recombination Rates274

Radiative recombination ? + 4− → �0 + ℎa has proven to be a useful diagnostics for optimizing275

cooler settings and to determine the profile of the circulating beam. An overview is given in ref. [41],276

whereas ref. [42] describes a recent application. Neutral hydrogen is formed in a distribution of277

excited Rydberg states, which have to survive Lorentz stripping through the electron lens toroid278

and through the next ring dipole to be detected. For IOTA parameters and magnetic fields, atomic279

states up to quantum numbers = = 12 can survive. The corresponding recombination coefficient280

is UA = 9.6 × 10−19 m3/s for a typical electron temperature :�)4 = 0.1 eV. The coefficient is281

proportional to 1/
√
:�)4. In the beam frame, transverse electron velocities significantly exceed282

those of protons, therefore the recombination rate has a weak dependence on proton velocity. The283

total recombination rate ' is proportional to the fraction of the ring occupied by the cooler, !/�,284

and to the electron density =4: ' = #?UA=4 (!/�)/W2. For the parameters in table 3, one obtains a285

rate ' = 1.5 kHz, which is small enough not to significantly affect beam lifetime, but large enough286

for cooler tuning and for relatively fast profile measurements (see also section 4.4). As the beam287

cools, the size of the electron beam can be reduced, with a corresponding increase in electron288

density and recombination rate.289

2.3 Tune-Spread Generation for Landau Damping290

Suppression of collective instabilities is typically achieved by a combination of feedback systems291

and Landau damping [43–45]. For multi-bunch beams, such feedback systems usually suppress292

the most unstable coupled-bunch and beam-beam modes. However, having limited bandwidths,293

these transverse dampers are normally inefficient for intra-bunch modes, and Landau damping is294

needed for their suppression. To make it possible, the spectrum of incoherent (individual particle)295

frequencies must overlap with the spectrum of the unstable collective modes, thus enabling the296

absorption of the collective energy by the resonant particles. The required frequency spread can297

be generated by (i) nonlinear focusing forces, such as those due to the charge distribution of the298

opposing beam in colliders, or (ii) by nonlinear magnets, usually octupoles. The first option is not299

available for machines with single beams, of course. Even in colliders, the effect is not present at300

injection or until the beams are brought into collisions, which themselves generate the required tune301

spread through the beam-beam head-on interaction. In octupoles, the transverse magnetic field near302

the beam axis is �H + 8�G =  3 · (G + 8H)3, where  3 is the strength of the element. The octupolar303

field distribution generates betatron frequency shifts proportional to the square of each particle’s304

oscillation amplitude. As the energy � of the beam increases, the octupoles become less and less305

effective: the corresponding frequency spread scales as 1/�2, due to both the increased magnetic306

rigidity and the smaller beam size, whereas instability growth rates scale only as 1/� , as the effect307

of the transverse beam size is negligible. As a consequence, one needs to increase the strength of308

these octupole magnets accordingly. For example, in the Tevatron proton-antiproton collider, with309

� = 1 TeV, there were 35 superconducting octupole magnets installed in 1-m-long cryostats and310

operated at currents up to 50 A. In the LHC at 6.5 TeV, 336 superconducting octupole magnets, each311
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about 0.32 m long, operate at the maximum current of 550 A, and even that is not always sufficient312

to maintain beam stability above certain proton bunch intensities. The anticipated 50 TeV beam313

energy in the proton-proton Future Circular Collider (FCC-pp) [46, 47] would require a further314

increase in integrated octupole strength by a factor of more than 60 [48], which makes stabilization315

with octupoles extremely impractical. Another serious concern is that octupoles, operating at high316

strengths, induce significant nonlinear fields and frequency shifts for large-amplitude particles, with317

dangerous destabilizing effects that lead to increased particle losses and radiation loads [49].318

Electron lenses are ideal for transverse Landau damping, as discussed in ref. [50]. The forces319

created by a single electron lens can easily introduce the required transverse nonlinear focusing.320

Unlike a nonlinear magnet, the electron lens generates the tune spread mainly at the beam core, thus321

mitigating dynamic aperture restrictions and lifetime degradation. (However, see also ref. [51] on322

the interplay between the number of electron lenses, lattice resonances, and dynamic aperture.)323

An electron lens in IOTA provides a unique environment to study these effects experimentally.324

A controlled source of external wake fields (‘antidamper’ or ‘waker’) [52] will be used to induce325

coherent beam instabilities. A Gaussian electron lens will generate tunable amplitude-dependent326

frequency spreads. The instability thresholds and growth rates will be measured as a function of327

electron-lens beam size and current. For instance, calculations showed that the lens is most effective328

when its transverse rms size does not exceed that of the circulating beam. The possibility to vary329

the axial magnetic field and the beam emittances is also desirable. Advanced studies of Landau330

damping with space charge are discussed in section 2.5.331

2.4 Space-Charge Compensation332

Novel experimental studies of direct space-charge compensation (SCC) are one of the main research333

goals of IOTA. Space-charge neutralization and compensation are routinely used in one-pass sys-334

tems, such as beam lines for low-energy beam transport (LEBT) and rf photoinjectors. In rings, SCC335

with electrons offers several advantages [32] and could enable higher intensities and brightnesses336

by reducing losses and emittance growth [51, 53–60]. Proof-of-principle experiments are needed337

to understand the limits of the method and to explore the stability of the system. For instance, it is338

not obvious how to mitigate the global effect of charge repulsion with a finite number of localized339

corrections (such as plasma lenses, beam-beam elements, residual-gas pressure bumps, etc.) over340

a fraction of the ring circumference. Challenges include the need for high compensating charge341

densities, the effects of beam-gas interactions, the generation of unwanted lattice distortions, and342

beam-plasma instabilities.343

Two concepts of space-charge compensation related to electron lenses were developed:344

electron column (e-column): The circulating beam ionizes the residual gas and secondary elec-345

trons are trapped in a Penning-Malmberg configuration [61, 62] that mirrors as closely as346

possible the charge density of the beam [63, 64]. No electron gun or collector are used in this347

case.348

space-charge-compensating electron lens (SCC e-lens): The electron gun generates an electron349

beam with the required intensity and current-density profile, transversely and possibly also350

in time.351
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2.4.1 Electron Column352

Early experiments at the Budker Institute for Nuclear Physics in Novosibirsk showed that space-353

charge limits in a ring could be exceeded by using trapped compensating plasmas [65–69]. Later, the354

tune shifts induced by trapped electrons could be measured in tests at the Tevatron [70]. However,355

experiments were limited by vacuum pressures, beam instabilities, poor control of the plasma, or356

lack of diagnostics. The benefits of using electron columns in the Fermilab Booster were calculated357

and discussed in refs. [55, 56]. An interesting set of experiments on the interaction of a proton358

beam with a trapped electron plasma column were conducted at the Indiana University Cyclotron359

Facility (IUCF) [71, 72].360

The goals of experiments in IOTA are to characterize the evolution of the non-neutral plasma361

and to measure the effects on the circulating beam.362

The electron column is fed by the residual-gas ionization caused by the circulating beam. Cross363

sections for these processes are collected in ref. [73]. They have typical values off8 = 1.7×10−21 m2
364

for protons at 2.5 MeV.365

The loading time of the column is determined by ionization rate and by the confining forces.366

The value of the solenoid field �< should be strong enough to trap electrons radially, while letting367

ions escape. Longitudinally, electrons are confined with negatively biased electrodes at voltage +4.368

This bias voltage also drains ions. Ion recombination and other collisional processes influence the369

evolution of the electron column as well.370

Considerable progress has beenmade inmodeling electron columns in IOTA [74–78]. Numeri-371

cal simulations are challenging because of the very different time scales involved: cyclotron motion,372

plasma oscillations, and beam revolution period. Also, a large number of particles is necessary to373

track density fluctuations and halo effects. Assuming a coasting proton beam, the optimization of374

the confining fields and residual gas pressures using the Warp particle-in-cell code [79, 80] was375

discussed in ref. [75]. Typical values for IOTA are �< = 0.1 T and +4 = −5 V. Local residual gas376

pressures of ? = 5 × 10−4 hPa are necessary to get a neutralization time g# ∼ 1 `s, comparable377

to the proton revolution time grev = 1.8 `s. However, at these pressures, proton lifetime due to378

single Coulomb scattering and emittance growth is of the order of 0.1 s. This regime may be useful379

for experimental demonstrations; on the other hand, lower pressures may be sufficient to mitigate380

slower instabilities. The time structure of the proton beam and the evolution of the column between381

two beam traversals was studied in refs. [76, 77]. The first model including the full ring with space382

charge in Synergia [81, 82] was presented in ref. [78]. The next challenge in numerical simulations383

will be the integration of plasma evolution and ring space charge. Further information on the current384

status of electron column studies can be found in ref. [83].385

IOTA provides unique research opportunities for novel studies and systematic measurements386

of electron columns. One of the most challenging aspects is to accommodate a gas injection system387

to vary the local residual gas pressure over a wide range, while preserving vacuum levels in the rest388

of the ring.389

2.4.2 Space-Charge-Compensating Electron Lens390

Strong space-charge forces in high-brightness proton beams drive particles to lattice resonances,391

causing emittance growth, losses and lifetime degradation. Typically, such effects become intoler-392
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able when the space-charge tune-shift parameter Δasc reaches the range −0.25 to −0.50. To reduce393

these detrimental effects, it was suggested to use electron lenses to compensate the space-charge394

forces [53]. Further analysis and computer modeling [51, 54, 58–60] indicated that compensation395

with electron lenses may enable an accelerator to exceed the space-charge limit and to operate with396

much larger tune-shift parameters, up to −1.0. The SCC e-lens should have a transverse current-397

density profile close to that of the proton beam. Interaction of protons with one or more of such398

devices per turn will result in a reduction of the spread in tunes from Δasc to Δasc · (1− [), where [399

is the degree of compensation (in the non-relativistic case). The resulting proton footprint becomes400

small enough to avoid crossing strong lattice resonances, reducing emittance growth and losses.401

Experimental SCC studies in IOTA are needed to explore many effects arising in real accel-402

erators and electron lenses. Both bunched and coasting beams can be used to extend the range403

of parameters. For instance, the optimal degree of compensation [, predicted to be less than 1,404

needs to be determined experimentally. Studies showed that the longitudinal profile of the electron405

current pulse is also critical [51, 57, 59, 60]. One of the challenges lies in the generation of fast406

electron pulses that match the short bunches in a storage ring. The current state of the art is suffi-407

cient for the first phase of compensation experiments in IOTA. The full definition of pulse timing408

requirements for the SCC e-lens is underway. We note that a similar research program, targeted to409

the synchrotrons for FAIR, is being carried out at GSI [31, 58, 84].410

2.5 Other Advanced Studies of Beam Dynamics and Stability411

As a research machine, IOTA is designed to provide a flexible environment for novel investigations412

under unique experimental conditions. Several advanced research topics related to electron lenses413

are at the conceptual stage. Here we summarize some of them.414

The interplay between destabilizing mechanisms, such as space charge and impedances, and415

mitigation strategies, like cooling, Landau damping, and feedback are of particular scientific interest416

and technological relevance. For instance, we plan to study the transverse coherent stability limits417

for bunched beams with strong space charge, beam cooling and nonlinear focusing elements, such418

as the electron lens. Because machine impedances in IOTA are negligible for proton dynamics, a419

tunable digital transverse feedback system will be installed to emulate the effects of wakefields [52]420

(as mentioned in section 2.3).421

The behavior of coherent instabilities in the presence of strong space-charge forces is of great422

interest. Studies presented in refs. [85, 86] predicted that there are regimes for which Landau423

damping with electron lenses, described in section 2.3, is effective under space-charge conditions424

as well. Experiments with protons in IOTA could shed light on this topic, with a significant impact425

on the performance of high-intensity accelerators. The IOTA electron lens can also be used for426

further studies of the head-tail instability due to the skew wake of the magnetized electron beam,427

predicted in ref. [87].428

In addition to providing a range of beam parameters for various experiments, the presence of an429

electron cooler in IOTA enables the investigation of several scientific questions. For instance, when430

electron cooling is limited by instabilities or by space-charge tune spread, does nonlinear integrable431

optics combined with cooling enable higher brightnesses? Is it possible to attain record-high stable432

space-charge tune shifts in the presence of beam cooling by varying the electron beam density433

distribution and transverse focusing in the rest of the machine? The basic scenario includes an434
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electron lens configured for cooling, as described in section 2.2. Integrability and tune spreads are435

provided separately by nonlinear magnets. An appealing but more challenging solution would be436

to combine in the same device (the electron lens) both cooling and nonlinear focusing, although437

preliminary studies indicate that it is difficult to combine both the constraints of cooling and the high438

currents needed to achieve sizable tune spreads. A related topic, the use of a McMillan electron439

lens to mitigate space charge, is discussed in refs. [88, 89]440

3 Design and Specifications441

The research program based on the IOTA electron lens is wide and exciting. The main challenge442

is to incorporate several functions in a single compact device. Beam physics goals and operational443

considerations dictate the functional requirements. A summary of the main parameters is presented444

in table 2. Here we discuss some of the design considerations.445

3.1 General Layout446

The electron-lens assembly must fit in one of the IOTA straight sections (DR in figure 1). The447

maximum available axial length is 1.4 m. Displacing the quadrupoles on each end to increase this448

length would affect the symmetry of the ring and the minimum achievable amplitude function V̂.449

Taking into account the space needed for the toroidal section and dipole correctors, this leaves about450

0.7 m for the main solenoid.451

The low-energy electron beam co-propagates with the circulating beam to make electron452

cooling possible. This choice has a small effect on the maximum achievable kicks (eq. 1.1).453

3.2 Storage-Ring Lattice454

For nonlinear integrable optics, the ring lattice must provide the required phase advances and455

amplitude functions. The ring was designed to control phase advances at the level of 10−3 and beta456

functionswithin 1%. Experiments on single-particle dynamicswill be conductedwith a pencil beam457

of electrons, observing tunes and intensities as a function of kicker amplitude with turn-by-turn458

(TBT) beam position monitors (BPMs). For the McMillan lens, the amplitude function V̂ should459

be as large as possible, whereas the axially symmetric thick-lens configuration requires a large460

solenoidal field and, therefore, a small beta function. The IOTA focusing lattice was designed to461

provide equal amplitude functions around the region of the electron lens in the range 2 m ≤ V̂ ≤ 4 m462

and with vanishing slope (Courant-Snyder parameters UG,H = 0). The corresponding values of the463

main solenoid field �< = 2(�d)/V̂ are reported in table 4. For lattice and momentum flexibility,464

we require that the main solenoid provide at least �< = 0.7 T in operations, with a maximum of465

0.8 T for the engineering design as a safety margin [90]. For electron cooling, it is preferable to use466

the larger beta function values and minimize beam divergence. This range of beta functions is also467

appropriate for space-charge compensation, where electron lens and circulating proton beam sizes468

should be matched.469

The IOTA lattices for NIO experiments are shown in figure 3. The coupled lattice func-470

tions VG ≡ V1 (black) and VH ≡ V2 (red, both on the left vertical scale) (Edwards-Teng parameteri-471

zation [91–93], calculated with MAD-X [94]) and the horizontal dispersion �G (green, on the right472

vertical scale) are plotted as a function of the distance B along the ring, starting from the injection473
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point (see also figure 1). The location of the electron lens is highlighted in orange. The left plot474

refers to the McMillan lens case, with V̂ = 4 m, whereas the right plot is for the axially symmetric475

thick lens, where V̂ = 2 m.476
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ỳ

(m
)

-0.50

-0.25

0.0

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Dx
(m

)

` x ` y

Figure 3. IOTA lattices for electron lens experiments.

3.3 Magnetic System477

The magnetic system has several functions. First of all, it should transport the beam from the478

electron gun to the overlap region and, finally, to the collector with an efficiency > 99% for beam479

radii < 15 mm and for all magnetic field configurations. The electron beam should be magnetized,480

i.e. with a Larmor radius much smaller than the typical beam sizes and smaller than the average481

separation between individual electrons, as discussed in section 1. Secondly, the ratio of the gun482

and main solenoid fields �6/�< determines the compression and therefore the beam size and483

affects the temperature of the beam in the overlap region. Moreover, the field stabilizes 4-? beam484

oscillations [87, 95, 96].485

The bore of the main solenoid must be large enough to accommodate the beam pipe, flanges,486

and feedthroughs for instrumentation. In the current design, the bore diameter is 115 mm. The main487

solenoid should be as long as possible, with a minimum length of 0.7 m. The minimum magnetic488

field seen by the low-energy electron beam should be as large as possible and at least 0.1 T. The489

distance between the axis of the main solenoid and the trajectory of the low-energy beam with490

correctors off should be within 1 mm. For alignment with the circulating beam, the trajectory of the491

low-energy beam in the main solenoid should be adjustable in both horizontal and vertical positions492

and angles. The position adjustments should have a range of ±10 mm with 0.03 mm resolution.493

Table 4. Lattice requirements on main solenoid field.
Species Kinetic Energy Magnetic Rigidity Main Solenoid Field [T]

[MeV] [T m] V̂ = 2 m V̂ = 4 m
Electrons 150 0.50 0.50 0.25
Protons 2.5 0.23 0.23 0.11
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Angles should be adjustable in the range ±5 mrad with resolution 50 `rad. Field distortions in the494

good field region of the main solenoid should be (�⊥/�I) < 2 × 10−4. This requirement is mainly495

dictated by electron cooling. The good field region of the main solenoid should be at least 0.6 m496

long and have a transverse diameter of at least 30 mm, corresponding to more than half of the IOTA497

aperture.498

3.4 High-Voltage System499

We plan to use electron beams up to 10 keV. Several electron guns we designed and built have been500

operated at these voltages without breakdowns. Moreover, at these energies, emission of X-rays is501

negligible.502

For beam extraction, in addition to using the electron gun in direct-current (DC) mode, we503

plan to pulse the cathode-anode voltage with a high-voltage modulator. State-of-art devices with504

rise times (10%–90%) of less than 100 ns, repetition rates up to 50 kHz, and pulse widths as short505

as 200 ns are adequate for most applications identified so far. Electron guns have anode-cathode506

capacitances of the order of 50 pF, which, together with the associated electronics, limit the rise time507

and repetition rate of the electron pulses. Gating electron-gun emission with grids is possible, but508

it may cause losses and profile distortions. Matching the longitudinal distribution of the circulating509

bunches (a few nanoseconds for electrons and a few tens of nanoseconds for protons) requires510

further developments in electron-gun and modulator technology.511

The high-voltage circuit includes separate bias voltages for the cathode, the electrodes and512

the collector. With this arrangement, the beam is decelerated before depositing its energy on the513

collector. In addition, the functions of high-current supply and precision beam energy setting are514

separated.515

3.5 Electron Beam516

The properties of the electron beam are of course key in an electron lens. For nonlinear integrable517

optics, the current-density distribution should be sufficient to generate large tune spreads within the518

machine aperture. To exploit the full detuningΔa = 0.25 in theMcMillan case, we need |:4 | ≥ 2/V̂.519

A high current requirement comes from a scenario with 150 MeV circulating electrons, V̂ = 4 m520

and :4 = 0.5 m−1, resulting in 9< ≥ 10 A/cm2 for a typical electron-lens energy of 6 keV. The521

size of the low-energy beam should be larger than the size of the pencil beam and at the same time522

small enough so that the full detuning can be achieved within the available good-field aperture of523

the machine (about 12 mm in radius). For the McMillan lens, we choose the parameter 0 (eq. 2.5)524

in the main solenoid 0< = 2 mm. The required beam current is therefore �4 = 9< · (c02
<) = 1.3 A at525

6 kV, which can be achieved in an electron gun with perveance % = 2.8 `A/V3/2. Other scenarios526

and applications require less current.527

The ability of generating and transporting different transverse current-density profiles is one of528

the strengths of electron lenses. This is usually done by replacing the electron gun, although some529

limited flexibility can be achieved by controlling electrode potentials within the same source. For530

nonlinear integrable optics, we require a McMillan profile (eq. 2.5), which is a new development.531

Tolerance studies on the required accuracy are underway. McMillan or Gaussian profiles are532

adequate for NIO experiments with axially symmetric thick lenses. For electron cooling, a flat or533
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partially hollow profile is used. For the SCC e-lens and for tune-spread generation, a Gaussian534

distribution can be employed in the first round of experiments.535

Preservation of the profile from the source to the overlap region relies on the strength and536

quality of the magnetic fields. Distortions of the beam trajectory and of the current-density profile537

arise mainly from field curvature (in the toroidal section, for instance) and from self fields. They538

must be evaluated and mitigated, usually by reducing imperfections and by increasing the minimum539

axial field seen by the beam. Because of the � × ∇� force, the toroidal sections introduce a shift540

in the trajectory of the centers of gyration perpendicular to the plane of the lens, which must be541

kept within about 2 mm. As regards the current-density profiles, experimentally one observes542

that they scale with electron beam current and confining axial field according to the expected543

space-charge evolution [97, 98]. In particular, similar profiles are obtained for a given family544

of experimental conditions with constant ratio
√
+/�, where � represents the effective average545

value of the axial fields, assumed to scale proportionally (� ∝ �< ∝ �6). This ratio is related546

to the space-charge evolution number 6 = l� · g4 ∝
√
+/�, representing the number of � × �547

rotations in the propagation time g4, with l� ≡ l2
?4/(2l24) the diocotron (slipping-stream)548

angular frequency, l?4 =
√
@2
4=4/(n0<4) the plasma angular frequency, and l24 = @4�/(W⊥<4)549

the cyclotron frequency of the magnetically confined electrons [99]. Beyond analytical estimates,550

numerical simulations are necessary to evaluate the effects of distortions on profiles. A study was551

described in ref. [100], using the bender particle-in-cell code [101]. Other efforts based on the552

Warp code [79, 80] and on the commercial software COMSOL [102] and CST Studio Suite [103]553

are ongoing. In the end, the requirements on electron beam profiles translate into an interplay554

between source geometry, accelerating voltages, and magnetic field configurations.555

3.6 Vacuum System556

The vacuum system must maintain pressures below 10−6 hPa in the region of the heated cathode.557

The assembly is designed so that electron guns can be valved out, swapped and pumped down in558

a few hours. In the overlap region, residual-gas pressures seen by the circulating beam should be559

less than 10−9 hPa for electrons and 10−10 hPa for protons. Controlled gas injection for e-column560

applications and, possibly, for ionization profile monitors (section 4.4) presents a challenge and561

solutions are under study.562

4 Experimental Apparatus563

The general layout of the IOTA electron lens is shown in figure 2. Here we discuss some of the564

features of the subsystems.565

4.1 Magnetic System566

The current configuration of the magnetic system includes the following components:567

• 1 gun and 1 collector solenoid, with 4 corrector coils each.568

• 2 transport solenoids, with 4 corrector coils each.569

• 2 short solenoids in each of the 2 toroidal sections.570
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• 1 main solenoid with 8 corrector coils: 4 short ones upstream for horizontal and vertical po-571

sition adjustments and 4 long ones downstream for horizontal and vertical angle adjustments.572

• 2 orbit correctors (not shown in figure 2) for the circulating beam to compensate for the573

transverse kicks due to the toroidal sections, 1 just upstream and 1 downstream of the electron574

lens.575

The gun and collector solenoids are available. They were recovered from one of the Tevatron576

electron lenses (TEL-2) [20]. The transport solenoids, the toroidal sections and the orbit correctors577

need to be built. For the main solenoid, we are considering a conduction-cooled, cryogen-free578

superconducting solenoid. A view is shown in figure 4. This choice implies compact coils,579

improved field quality, and lower power consumption compared to a resistive solenoid. These580

systems are reliable and well supported and cool-down times are compatible with IOTA operations.581

The design of the coils and quench protection system is underway. The current status of the design582

is described in detail in refs. [90, 104].583

4.2 Electron Sources584

Several electron guns were built at Fermilab over the course of the years for the Tevatron electron585

lenses, as prototypes for the LHC, and for general research and technological developments. They586

are based on thermionic emission from porous tungsten dispenser cathodes with BaO:CaO:Al2O3587

impregnant, operating at temperatures around 1200 K. These designs are robust and reproducible588

and routinely yield current densities of the order of 4 A/cm2. New technological developments589

have made designs based on scandate cathodes viable for aerospace applications and accelerators.590

In collaboration with CERN [26, 105], they are being considered in cases where larger current591

densities or lower operating temperatures are required. Although we have not been able to pursue it592

so far, another development that would significantly simplify the design of compact electron lenses593

are axially symmetric sources and collectors mounted around the main beam pipe, eliminating the594

need for the toroidal sections [106–108].595

Figure 5 shows a photograph of the 10-mm-diameter electron gun used in the Tevatron for beam-596

beam compensation studies. Measurements of the current-density profile taken at the Fermilab597
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Figure 4. Layout of the superconducting option for the main solenoid.
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electron-lens test stand (see section 4.5) are also shown. This electron source can be reused in598

IOTA for NIO studies, in the SCC e-lens configuration, or for the generation of tune spreads. New599

cathodes are available if replacements are needed.600

For the IOTA research program, it is important to maintain and develop the capability to design601

and build new electron sources, such as the McMillan electron gun for NIO or flat and semi-hollow602

guns for electron cooling.603

4.3 Collector604

The collector is reused from one of the Tevatron electron lenses (TEL-2) [20]. It is made of copper605

with a ceramic gap insulating it from the vacuum chamber. The assembly is water cooled and has a606

power rating of 50 kW, well exceeding the maximum beam power anticipated for the IOTA electron607

lens.608

4.4 Instrumentation and Diagnostics609

Beam diagnostics is critical for a research machine like IOTA. Here we mention instrumentation610

that is directly related to the electron lens, as well as other diagnostic devices that are relevant for611

the research program.612

The current and pulse structure of the low-energy electron beam is measured with 2 passive613

beam current transformers, one at the cathode and one at the collector.614

A diagnostic station was designed to provide profile measurements of the magnetized beam615

(figure 6). The station is located just upstream of the collector, to minimize its influence on beam616

dynamics in the overlap region. If necessary, another station could be installed just downstream617

of the electron gun to measure beam properties at the source. At low electron beam currents618

(. 100 mA peak), fast profile imaging is provided by a rectractable YAG screen and a CCD camera.619

At higher intensities, a TZM-alloy plate with a pinhole and Faraday cup can be scanned across the620

beam to measure current density as a function of transverse position. Most components have been621

procured. The stations need to be assembled and tested. A similar setup is used for the RHIC622

electron lenses, as described in refs. [109, 110].623
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Figure 5. Gaussian electron gun.
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In addition to the 21 button BPMs in the ring, 2 BPMs are included in the beam pipe inside the624

main solenoid for aligning the low-energy electron beam with the circulating beam. The current625

design includes strip-line pickups to enhance the signal and to accommodate the different time626

structures of electron-lens pulses, 150 MeV electrons and 2.5 MeV circulating protons. However,627

preliminary estimates indicated that button BPMs may also be adequate.628

A set of 5 biased diagonally-split cylindrical electrodes is foreseen for the central section629

of the electron lens to cover several functions. The electrodes can be used as transverse and630

longitudinal pickups for additional beam position monitoring, pulse timing and, in the case of631

the e-column, to detect plasma oscillations. When biased, they will be used for clearing trapped632

ions in the circulating electron beam or to confine the electron column during proton operations.633

The measured bias current is an indication of electron or ion fluxes. One of the electrodes, with634

8 sectors, may be employed to implement the ‘rotating-wall’ technique to study the stabilization of635

the electron column [62, 111, 112].636

Advanced instrumentation to measure beam intensities, emittances and losses over the time637

scales of instability growth is essential to characterize the dynamics of high-brightness space-638

charge-dominated proton beams. Various options are being considered for continuous monitoring639

of proton transverse profiles and emittances. The first option is a compact gas-sheet profile monitor640

(GSPM), which was built and characterized [9, 113]. In the GSPM, a compressed gas (N2) is641

forced through a nozzle. As the gas travels downstream, it exhibits molecular flow due to the high642

Knudsen number. The gas then reaches a skimmer, which removes any molecules with significant643

divergence and provides the final shape. The resulting sheet is then injected at an angle transversely644

to the direction of the proton beam. The beam ionizes the gas and the ions are extracted by a series645

of annular electrodes. Microchannel plates (MCPs) convert the ions to electrons and yield a typical646

amplification factor of 103-–106. The electrons impinge on a scintillator screen, and the image is647

recorded by a high-speed CCD camera for reconstruction of the transverse beam distribution.648

An option for fast, turn-by-turn beam size diagnostics is an ionization profile monitor (IPM).649
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Figure 6. Layout of the diagnostic station.
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This device collects ions from ionizations induced by the proton beam to generate a beam profile.650

The amount of signal is proportional to the ionization cross section and the gas density. The gas651

source can either be the residual gas or an injected gas. Horizontal and vertical IPMs have been652

recently used for advanced studies in the Fermilab Booster proton synchrotron [114, 115]. In IOTA,653

the residual gas pressure will be lower than it is in the Booster. However, the ionization cross section654

for 2.5 MeV protons is two orders of magnitudes larger, yielding comparable signal rates. In IOTA,655

IPMs similar to those in the Booster, i.e. without external guiding magnetic field, will have another656

important advantage. According to an analysis presented in ref. [116], the expansion of the ions due657

to the charge of the proton beams is minimal (of the order of 1%, compared to factors as large as 2658

in the Booster), introducing negligible systematics in the turn-by-turn reconstruction of the proton659

beam profiles.660

Finally, operation of the IOTA electron lens as an electron cooler opens up an additional661

diagnostic opportunity — the detection of neutral hydrogen from recombination, as described in662

section 2.2. A recombination monitor will be installed behind the first dipole magnet downstream663

of the electron lens (M4R in figure 1) to detect neutral hydrogen atoms �0 formed in the electron664

lens when the velocity of the magnetized beam matches that of the circulating protons. The rate665

of neutralization events is used to tune the cooler settings. In addition, the transverse distribution666

of �0 provides a relatively fast (∼ 1 s), minimally invasive estimate of the proton distribution. As667

a detector, we are considering microchannel plates and a phosphor screen read out with a CCD668

camera or a position-sensitive silicon detector.669

The range of 2.5 MeV protons in metal is smaller than the beam pipe thickness. Proton670

losses can only be directly monitored inside the vacuum chamber. Prototype in-vacuum diamond671

detectors have been used in other machines [117, 118]. They are being considered for proton loss672

measurements in IOTA as well.673

The inclusion of an additional instrument for the IOTA electron lens is under study. A pickup674

antenna could be installed in the vacuum chamber inside the main solenoid to sense cyclotron675

radiation emitted by the magnetized electrons. Such a receiver can be used to monitor the electron676

plasma density and temperature (besides providing a very accurate measurement of the magnetic677

field) by recording the position, intensity and width of the cyclotron frequency peak (expected at678

2.8 GHz in a 0.1 T field, for instance). The device was proposed for electron cooling [119–121] and679

similar systems were applied to other precision measurements [122–124]. An operational system680

would provide a new sensitive tool for electron lenses, especially for electron cooling and electron681

columns.682

4.5 The Fermilab Electron-Lens Test Stand683

The Fermilab electron-lens test stand is a laboratory dedicated to the study of beam physics and684

technology related to electron lenses. It was set up in the late 1990s in support of the first electron685

lenses, built for the Tevatron collider [125, 126]. It has been used to characterize high-perveance686

electron guns, to measure the effects of space charge on magnetized beam dynamics, and to study687

trapped plasma columns. In recent years, it was instrumental in the development of hollow electron688

lenses for beam halo control in the Tevatron [22] and in the LHC [29]. The IOTA research program689

on nonlinear integrable optics relies on electron guns with specific current-density distributions.690

Electron sources for cooling and space-charge compensation can also be tested here.691
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This test stand has been operational for over 20 years and it has been the only electron-lens692

test stand in the world for long periods of time. A similar facility was built at Brookhaven National693

Laboratory to support the RHIC electron-lens project [109], but it has since been decommissioned.694

A test stand for the HL-LHC hollow electron lenses is currently being developed at CERN.695

The main experimental apparatus consists of a pulsed electron gun, a straight beam line with696

pickup electrodes, and a water-cooled collector (figure 7). The vacuum chamber is surrounded697

by three, independently powered resistive solenoids: the gun solenoid, the main solenoid, and the698

collector solenoid. The maximum magnetic field is 0.4 T. Magnetic correctors are used to steer the699

electron beam. End-plates in the metal shell of the solenoid are used to improve the uniformity of700

the axial magnetic field. The device is supported and aligned on a girder.701

Current to the solenoids is provided by four 150 kW, 5 kA power converters. In steady state, at702

the maximum magnetic field, the solenoids dissipate about 210 kW through the low-conductivity703

water circuits. The vacuum system includes a diaphragm and turbomolecular pump for fore vacuum704

and ion-getter pumps to reach the operating pressures, which are typically 10−7 hPa to 10−8 hPa.705

The inner diameter of the beam pipe and of the pickup electrodes is 60 mm.706

The cathode of the electron gun can be biased down to +2 = −10 kV. The anode is pulsed707

from +2 up to 0 V for beam extraction at a maximum rate of 10 kHz by a high-voltage modulator.708
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Typical pulse widths are between 200 ns and 20 `s. The control system is integrated with the rest709

of the Fermilab complex (ACNET). However, solenoid settings, high-voltage power supplies and710

cathode filament heater are often controlled locally in manual mode.711

Several types of electron guns have been designed and built to provide different intensities, beam712

sizes, and current-density profiles (flat, Gaussian, hollow, etc.). The electron source is typically713

based on a thermionic cathode. The electron-gun assemblies share the similar form factors and the714

same flange adapters, so that they can be swapped easily.715

The total beam current and pulse shape are measured with passive transformers at the cathode716

and at the collector. The current-density profiles are measured by recording the average current717

through a 0.2-mm-diameter pinhole in the collector, as a function of the settings of the horizontal718

and vertical magnetic correctors. An example of current-density profile measurement is shown in719

figure 5 above.720

5 Conclusions721

An exciting beam physics program is being carried out with the IOTA storage ring at Fermilab722

and the first results have been published. The IOTA electron lens will be a key component of723

upcoming studies on nonlinear integrable optics, space-charge compensation, electron cooling, and724

the stability of intense beams in general. For the first time, several functions are being combined in725

a compact device, yielding technical challenges but also new opportunities for research, training,726

and collaboration.727
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