
EUROPEAN 
PLASMA RESEARCH 
ACCELERATOR WITH 
EXCELLENCE IN 
APPLICATIONS

This project has received funding from the European Union´s Horizon 
Europe research and innovation programme under grant agreement  
No. 101079773

Ion channel formation for advanced 
betatron emission
Andrea R. Rossi 
INFN - Milan Section 
On behalf of the EuPRAXIA@SPARC_LAB and SL_BETATEST 
collaboration



Funded by the 
European Unionat SPARC_LAB

A.R. Rossi - Ion channel formation for advanced betatron radiation EAAC 2025, September 24th 2025, La Biodola, Italy 2

Introduction

VOLUME 64, NUMBER 21 PHYSICAL REVIEW LETTERS 21 MAY 1990

Ion-Channel Laser

David H. Whittum and Andrew M. Sessler
Lawrence Berkeley Laboratory, Berkeley, California 94720

John M. Dawson
Department of Physics, University of California at Los Angeles, Los Angeles, California 90024

{Received 5 February 1990)

A relativistic electron beam propagating through a plasma in the ion-focused regime exhibits an elec-
tromagnetic instability with peak growth rate near a resonant frequency m-2y cop. Growth is enhanced
by optical guiding in the ion channel, which acts as a dielectric waveguide, with fiber parameter
V-2(1/Iz) 't . A 1D theory for a laser making use of this instability is formulated, scaling laws are de-
rived, and numerical examples are given. Possible experimental evidence is noted.

PACS numbers: 42.55.Tb, 41.80.Ee, 52.40.Mj

The transport of relativistic electron beams (REB's) in
plasmas has a long history, ' and over the last ten years
the mechanism of ion focusing has been developed and
successfully employed in accelerator work. In addition,
the propagation in plasmas of short-pulse, low-emittance
REB's has attracted interest in connection with the plas-
ma lens, the continuous plasma focus, the plasma
wakefield accelerator, and the beat-wave accelerator.
At the same time, coherent radiation from REB's has

been the subject of extensive work, in connection with
the free-electron laser (FEL), the cyclotron auto-
resonant maser (CARM), and other free-electron de-
vices.
In this Letter, we develop the theory of an ion-channel

"free-electron" laser (ICL), consisting of a short-pulse,
low-emittance REB injected into an unmagnetized, pre-
formed plasma, less dense than the beam. The ICL
makes use of ion focusing to transport the beam, and a
resonance, akin to that of the planar wiggler FEL, to
produce coherent radiation. Here, the wiggler is provid-
ed by the electrostatic field of the ion channel, analogous
in some respects to the quadrupole FEL proposed by
Levush et al. '
In contrast to other proposed plasma-loaded rf de-

vices, " no external magnets are used, and, in principle,
no external structures (waveguides, cavities) are re-
quired. However, in the microwave regime, the use of a
waveguide can enhance the overlap of the beam and the
rf signal, making the ICL comparable to the FEL as an
rf power source.
The ICL consists of a tank of neutral gas, through

which a plasma is produced, for example, by an ionizing
laser pulse. Within less than a recombination time, and
with proper matching (as in a continuous plasma
focus ), an REB is injected into the preformed plasma,
propagating in the axial (+z) direction (Fig. 1).
As the beam head propagates through the plasma, it

continuously expels plasma electrons from the beam
volume, leaving fixed the relatively immobile ions to pro-
vide focusing for the remainder of the beam. These un-
neutralized ions occupy a cylindrical volume of radius
b-a(nb/n~)' and this is the "ion channel. " It is as-

sumed that the transverse electric field due to this ion
charge is much larger than the transverse force on the
beam due to self-fields. This requires np»nb/y, where
nb is the beam density, n~ is the plasma density prior to
channel formation, and y is the Lorentz factor. We also
assume nb & n~ For d.efiniteness the beam density is as-
sumed to be a step radial profile, with radius a.
It is assumed that the beam-current rise time r, is

long compared to the plasma electron period so that
large radial plasma oscillations are not excited as plasma
electrons are ejected from the channel. This requires
m, z„)&1,where m, is the plasma electron frequency,
co, 4ttrt~e /m, —e is the electron charge, and m is the
electron mass. It is also assumed that the beam length r
is short compared to the time r; for the ions to collapse
inward due to the radial electric field of the beam. This
requires r;—1/2co; & r, where co; is the ion plasma fre-
quency, co; 4trnpe2/m;, and m; is the ion mass.
In the ion channel, the zeroth-order transverse motion

of a beam electron is that of a relativistic, 2D, simple

on

FIG. l. An REB, propagating through an underdense plas-
rna, expels plasma electrons from the beam volume and beyond
to produce an "ion channel, "which then focuses the beam, and
causes it to radiate.
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Relativistic electron beams (REBs) void a preformed plasma by electrons. The plasma has linear radial forces: focuses the 
beam and electrons perform betatron oscillations. In some situations, the longitudinal electric field may be negligible 
(wakeless regime). 

Betatron oscillations at  provide a source of e.m. radiation with a fundamental frequency . 

If oscillations amplitude is small (i.e negligible harmonic emission), collective effects in e.m. radiation emission may set in, 
realizing a plasma based FEL or ion-channel laser. 

Compared to standard magnetic undulators, the ICL has larger acceptance in bunch energy spread, due to large Pearson 
parameter.

ωβ ∝ ωp/ γ ω0 ∝ γ3/2ωp
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Motivation

Figure 1: Ion column formation (Credits by C. Hansel, AAC2022).

Nowadays major gaps exist in the literature and the ion column has not yet been
demonstrated experimentally.
This activity is of relevant importance for the plasma-based acceleration experiments
dedicated to the realization of a plasma-based user facility, as highlighted in the European
Plasma Research Accelerator with eXcellence In Applications (EuPRAXIA) project.
EuPRAXIA will implement a new kind of accelerator infrastructure, considerably reducing
the size of particle accelerators and creating a new market that will serve users in ultrafast
science with X rays for high-resolution medical imaging, with deeply penetrating positron
annihilation spectroscopy for materials and with Europe’s most southern FEL.
EuPRAXIA [16] is a distributed, compact, and innovative plasma-based accelerator facility.
It will integrate work in the accelerator, plasma, and laser research communities, in
association with European industry, thus bringing plasma accelerators to the users and the
market. The EuPRAXIA consortium includes 51 institutes from 15 countries. The European
Strategy Forum on Research infrastructures (ESFRI) has successfully assessed maturity and
readiness of the EuPRAXIA project and placed it on the ESFRI Roadmap 2021, with Italy
thorough INFN as leading country. In its first implementation phase, the EuPRAXIA
consortium will construct a beam driven plasma accelerator at Laboratori Nazionali di
Frascati (INFN-LNF), i.e. EuPRAXIA@SPARC_LAB, funded by Italy through INFN. It will
set up a compact and innovative FEL with first user operation foreseen in 2028. In addition
this proposal will be in synergy with the recently funded PNRR-EuAPS project (EuPRAXIA
Advanced Photon Sources) ongoing at INFN-LNF to set up a laser-driven betatron-based
X-Ray user facility at SPARC_LAB for X-ray phase contrast imaging (XPCI), X-ray
absorption (XAS) and emission (XES) spectroscopies.

Obiettivi (max 2000 caratteri, spazi inclusi)

The project aims at the study of the particle-driven PWFA betatron emission as a
plasma-based alternative to the FEL, setting the ambitious goal of lasing in short distances
paving the way to more compact light sources.
The primary objective is to advance the development of the ICL and establish its feasibility
as a transformative technology. We will contribute to a comprehensive understanding of
physics and to the practical implementations of this cutting-edge technology. While analytical

The wakeless regime can be realized when plasma is preformed in a cylindrical volume with limited radius  and a drive 
bunch manages to expel all electrons from it, realizing a plasma based compact undulator. 
Even without emission collective effects, the resulting betatron source can have a much reduced emission band compared 
to emission with acceleration. 
Drive bunch creates the wakeless channel; a properly tailored and injected witness emits radiation.

Rch

Test experiment @ SPARC_LAB 
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State of the art
The idea dates back to 1990 but…

All published papers (not many!!) deal with radiation emission conditions and properties.  

Only one gives some hints about channel formation but just as a limitation in PWFA!

A.F. Habib et al., Plasma Photocathodes, Ann. Phys. 535, 2200655 (2023). A.F. Habib et al., arXiv:2111.01502v1 (2021).

www.advancedsciencenews.com www.ann-phys.org

Figure 8. 3D PIC-simulations (VSim) of intense electron beam interaction with a preionized plasma channel of different radii rc. The FACET electron
driver beam (black) propagates to the right, expels plasma electrons and sets up a nonlinear PWFA blowout as in (a,b), or for a thinner channel generates
a wakeless ion channel as in (c,d) that could be used, for example, for light source applications.

3.3. Energy Gain Limitations

In addition to the maximum channel width bottleneck and
the need to squeeze the plasma wave through it, the quasi-
periodically narrowing and expanding plasma channel had a
profound effect on the energy gain of injected electrons in the
plasma wakefields.
The unfavorable topology after the injection point at z ≈ 20

cm (dashed red line in Figure 9a) impacted the blowout shape
and size along the propagation distance, resulting in a substan-
tial variation of the effective wakefield phase at the witness beam
trapping position.
Simulations show that the witness beam actually underwent a

quasi-periodic transition from accelerating to decelerating phase
of the wakefield. In ref. [21] (Figure S2 therein) we estimated
projected energy gain outcomes for realistic trapping positions
considering this wakefield evolution over the full plasma interac-
tion distance of Δz ≈ 65 cm, while in the present work Figure 9a
shows a waterfall plot of the corresponding on-axis accelerat-

ing electric field evolution during propagation along the plasma
channel. The figure highlights the shortcomings of the vary-
ing plasma channel and its significant effect on the longitudinal
wakefield. Further, it explains the effective energy gain limitation
encountered in the E-210 experiment.
Experimental boundary conditions were responsible for re-

striction of the injection position at z ≈ 20 cm. Numerical simu-
lations indicate that, for example, an injection position at around
z ≈ 10 cm, where the plasma channel reaches maximum width,
would have allowed harnessing the full accelerating field of 50–
60 GV m–1 over an extended distance. Estimates of this sce-
nario show potential witness beam energy gains of multi-GeVs,
instead of ≈ 1 GeV as in our proof-of-concept experiments.[21 ]

This is supported by simulations of driver beam interaction with
the preionized plasma and its deceleration to an average energy
of ΔWsim ≈ 5.4 GeV FWHM shown in Figure 9b. The simu-
lation data represents the strongest deceleration scenario for a
shot with optimal alignment andmaximumplasma channel size.
Corresponding measurements of the driver beam deceleration

Ann. Phys. (Berlin) 2023, 535, 2200655 2200655 (9 of 26) © 2023 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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As the preformed channel radius gets thinner and thinner, the ICL formation improves…
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A bit of theory

Whittum et al. provide an estimate for the blowout radius , assuming . 

Assuming a bi-Gaussian bunch, and requiring , leads to  with  (beware: the condition is 
only necessary!!!)

Rbl ∼ σx nb/np nb > np

Rbl > Rch Ib/I0 > 1 I0 = πecR2
chnp

Take away informations from scaling:

Small  favors formation. 
High current required  kA. 
No clues about channel quality, if formed. 
Assuming  MeV, achievable 
photon energies in the fundamental are 
around  meV (IR to visible), 
depending on emitting bunch transverse 
size.

Rch
≳ 1

Eb ∼ 100

∼ 10s − 100s

SPARC_LAB
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How to “measure” channel formation?

σχ

∼ 0 Uniform channel

> 0 Non-uniform channel

χ =
⟨ρ⟩
ρ(0)

N

The average is calculated on a cylindrical 

volume  with radius  and length 

equal to about 25% of the window length (1 mm)

V rV =
2
3

Rch

Total charge density

Ions unperturbed 
charge density

χ ∼ 1 Good channel

< 1 Poor channel

“Over-formed” channel> 1
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Does it work?
 µm,  cm  
 pC,  µm

Rch = 15 n0 = 5 × 1015 −3

Qb = 200 σz = 24
χ = 0.99

σχ = 0.02

χ = − 0.03
σχ = 0.14

 µm,  cm  
 pC,  µm

Rch = 15 n0 = 1017 −3

Qb = 200 σz = 24
χ = 1.17

σχ = 0.13
 µm,  cm  

 pC,  µm
Rch = 15 n0 = 5 × 1015 −3

Qb = 1000 σz = 30

 µm,  cm  
 pC,  µm

Rch = 30 n0 = 5 × 1015 −3

Qb = 200 σz = 24
χ = 0.67

σχ = 0.34
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Simulations setup
Pre-ionized channel:  within  
and neutral  outside

N5+ Rch
N Scanned parameter:  which is a function of , ,  and .Ib/I0 Rch np Qb σz

Constant parameters:  μm, σx = 5 Eb → ∞

Rch

 unperturbed densityN5+  unperturbed density 
(from  ions)
e−

N5+

Rch
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Simulation results: channel formation
Constant parameters:  μm, σx = 5 Eb → ∞ Scanned parameter:  which is a function of , ,  and .Ib/I0 Rch np Qb σz

np[×1016 cm−3]

np[×10 16 cm−3]

χ

χ

 pC,  μmQb = 1500 Rch = 30

Ib

Ib
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Simulation results: channel formation
Constant parameters:  μm, σx = 5 Eb → ∞ Scanned parameter:  which is a function of , ,  and .Ib/I0 Rch np Qb σz

Ib

np[×1016 cm−3]

np[×10 16 cm−3]

χ

χ

 pC,  μmQb = 1500 Rch = 15

Ib
If and/or Qb ↑ Rch ↓

If and/or Qb ↓ Rch ↑



Funded by the 
European Unionat SPARC_LAB

A.R. Rossi - Ion channel formation for advanced betatron radiation EAAC 2025, September 24th 2025, La Biodola, Italy 10

Simulation results: channel uniformity
Constant parameters:  μm, σx = 5 Eb → ∞ Scanned parameter:  which is a function of , ,  and .Ib/I0 Rch np Qb σz

 pC 
 μm

Qb = 1500
Rch = 15

 pC 
 μm

Qb = 600
Rch = 15

The condition  for channel formation seems to be confirmed.Ib/I0 > 1
Once channel is formed,  seems to strongly increase with  and do not depend on .σχ Qb Ib/I0

For  and sufficiently large  values,  starts to decrease. Ib/I0 ≫ 1 n0 χ
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Channel uniformity: charge effects

χ ≳ 1
Ib/I0 ∼ 12

For fixed ,  grows linearly  ION MOTION!Ib/I0 ≫ 1 σχ /χ ⟹

 pCQb = 400

 pCQb = 800

 pCQb = 1500

N ions density only
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Channel uniformity: optimization

Ib/I0 ∼ 3

χ ≳ 1χ < 1

For fixed ,  grows linearly  ION MOTION!Ib/I0 ≫ 1 σχ /χ ⟹

For fixed ,  reaches a minimum  OPTIMIZATION CRITERION!Ib/I0 ≳ 1 σχ /χ ⟹

 pCQb = 600

 pCQb = 1500

n0 = 1016 cm−3

N ions density only
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Channel uniformity: current effect

 pC 

 cm-3 
 μm

Qb = 1500
n0 = 2.5 × 1016

Rch = 15

For , and  “large enough”,  starts to decrease  IONIZATION!Ib/I0 ≫ 1 n0 χ ⟹
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Channel uniformity: current effect

 pCQb = 1500

For , and  “large enough”,  starts to decrease  IONIZATION!Ib/I0 ≫ 1 n0 χ ⟹

If  and/or  “too small”, ionization may be present but negligible.Ib/I0 n0

The presence of a minimum represent a possible optimization criterion.

Large and small depend on background atoms atomic mass and ionization 
energies.

ρ  (pre-ionized)ρe−  (ionized)ρe−  (ionized)ρN+  (pre-ionized)ρN+
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Data driven approach to channel formation
Input-output mapping

3420 simulations of plasma channel with varying input 
parameters 

• Input parameters: , , , ,  

• Output metrics: , 

Rch np Qb σz Ib/I0

χ σχ

The study goal is to find patterns and  dependences in 
incoming parameters to ensure a stable plasma channel 
formation

Proposed instrument: AI Machine Learning 

Input data structure
Courtesy I. Drebot
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Study workflow
Plasma channel simulations (3420)

Dataset: simulation results 
Input parameters: 
•  

•  

•

Rch
np

Qb

Output parameters: 
•  
•

χ
σχ

•  

•

σz
Ib/I0

Machine learning model (XGBoost Regression)

Prepare input grid & use ML to predict missing 
data  virtual simulations⟹

Analysis of patterns & channel formation 
conditions in extended dataset

ML “multi-dimensional interpolation” from 3k simulations 
to a dataset with 108 configurations

Extended dataset allows for deeper 6D analysis of trends

Courtesy I. Drebot
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Possible issues
Due to the non-uniform distribution of training data, large parameter regions remain without reference points. As a result, the 
model extrapolates in these areas, introducing noise into the extended dataset and leading to potentially misleading results. 

Example of “missing 
training” data effect 

Built ML-based model to map plasma channel input parameters → formation indicators 
Generated an extended virtual dataset via ML interpolation 
Identify patterns & stability conditions in multidimensional parameter space 
Highlighted limitations due to non-uniform training data distribution 
Approach provides a data-driven tool for guiding future plasma acceleration studies

Courtesy I. Drebot
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The IC formation was studied for designing a working point for the 
betatest experiment @SPARC_LAB 
The validity of a scaling law for channel formation was verified 
Impact of the driving beam parameters on channel uniformity were 
investigated: 

A large charge sets in ion motion 
A large current may cause ionization in neutrals 

Both effects can be minimized (optimization conditions) 
Both effects depend on the chemical nature of neutrals 
We are starting to apply AI to data analysis and interpretation

18

Conclusions
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