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The motivation

>Many applications require small beam sizes  
     (e.g., radiotherapy, FELs, particle colliders).

>Others require capture/collimation  
of highly diverging beams 
     (e.g., particle sources, plasma accelerators).

>Fortunately: we have thought about particle focusing 
                   for a century, and found many solutions…
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Transverse beam dynamics
Some background and definitions

> Transverse phase space (x, px/mc)
> Emittance = “transverse beam quality” or 

“focusability” = area in phase space (invariant)
> Twiss parameters quantify the shape in 

phase space
> The evolution is determined by the Twiss 

parameters and the optical elements  
(but is independent of emittance)

> How do we manipulate particles in  
transverse phase space?

CHAPTER 2. EMITTANCE GROWTH IN STAGED PWFAS 30

implying that knowledge of the emittance, beta and alpha functions is su�cient

to fully characterize a beam (ignoring third and higher order moments) at a given

location s.

It is possible to express the single particle emittance that each particle in the

distribution has in terms of the three Twiss parameters (see Fig. 2.2):
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While this single particle emittance is conserved throughout the accelerator, the

particle will change its location in phase space by traversing an ellipse of constant

emittance. The “angular location” on this ellipse, also known as the phase, changes

according to
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i.e., it rotates quickly in phase space when the beta function is small and slowly

when it is large.

Finally, the single particle emittance presents a simple way to define a continuous

beam distribution in phase space. A bivariate Gaussian beam, as shown in Fig. 2.2,

with a normalized charge density is given by
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Same emittance, 
different phase

Slope:
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Figure 2.2: Phase space distribution of a bivariate Gaussian beam, where physical
interpretations of the (geometric) emittance, phase and Courant-Snyder parameters
are indicated.
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Supplementary Fig. 1 | Final-focusing and imaging optics. The electron bunches were strongly focused to match the beam size and 
beta function to the plasma-wakefield accelerator. Nine quadrupole magnets (white rectangles in the above beam-line sketch) were 
used for matching and final focusing upstream of the plasma cell (dark blue rectangle in the sketch). Here, the square root of the beta 
function in the horizontal (x; solid lines) and vertical (y; dotted lines) planes are shown; this quantity is proportional to the beam 
size. Downstream of the plasma cell, five quadrupoles were used for capturing the diverging electron bunches and point-to-point 
imaging them onto one of two spectrometer screens (black slanted lines in the sketch) after dispersion by a dipole magnet (grey 
rectangles in the sketch). Only the optics for the high-resolution-spectrometer screen, used for emittance measurements, is shown.

From Lindstrøm et al., Nat. Commun. 15,, 6097 (2024)
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Magnetic optics elements
The traditional choice for high-energy particles

> Dipoles 
> For bending the orbit

> Quadrupoles 
> For focusing (focuses/defocuses in x/y planes)

> Sextupoles 
> For chromatic correction

> Limited in field (typically by the pole-tip field) 
> Quad: 1–4 cm bore, 1 T tip field => 25–100 T/m

> (Pulsed) solenoids can also be used, but scale as 1/
p2 (and not as 1/p) – good for low momentum particles

Fig. 4: ‘Pure’ multipole fields. Top: dipole. Middle: quadrupole. Bottom: sextupole. Fields on the left are normal
(an positive); those on the right are skew (bn positive). The positive y axis is vertically up; the positive x axis is
horizontal and to the right.

9

From Wolski (2019), arXiv:1103.0713Fig. 4: ‘Pure’ multipole fields. Top: dipole. Middle: quadrupole. Bottom: sextupole. Fields on the left are normal
(an positive); those on the right are skew (bn positive). The positive y axis is vertically up; the positive x axis is
horizontal and to the right.

9

Fig. 4: ‘Pure’ multipole fields. Top: dipole. Middle: quadrupole. Bottom: sextupole. Fields on the left are normal
(an positive); those on the right are skew (bn positive). The positive y axis is vertically up; the positive x axis is
horizontal and to the right.

9
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Achieving radial focusing
Focusing in both transverse planes at the same time

> Only two fields can radially focus a beam: Er and Bϕ
> Radial focusing “worth” ~10x in focusing strength.

> Electrostatic lenses (Er) require on-axis charge:
> Can use an electron cloud (Gabor lenses),  

— Low charge density
> Use a short plasma accelerator! (Passive plasma lens) 

— Very strong (MT/m), but needs a driver to be uniform
> Magnetic lenses (Bϕ) require on-axis current:

> Can use a metal (Lithium lenses),  
– Problem with scattering

> Use the plasma as a conductor! (Active plasma lens)

Gabor, Nature 160, 89 (1947)

Bayanov et al., NIM 190, 9 
(1981)

Björklund Svensson, PRR (2026)
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Active plasma lenses (APLs)
How do they work?

> High-voltage pulse (~10 kV, 0.1–1 µs, 0.1–1 kA) through a gas-filled tube
> Transversely uniform longitudinal current → azimuthal B-field varying linearly with radius

Current

Β
φ
(r)

z
r

Electron 
beam

Electron

Force

ElectrodeElectrode

R

Image source: van Tilborg et al., Phys. Rev. Lett. 115, 184802 (2015).

The Oslo plasma lens design

gr = μ0I
2πR2

Focusing gradient:
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History of active plasma lenses
More than 75 years of plasma lensing

> 1950: Panofsky and Baker – “arc lens” for proton beams 
from the 184-inch cyclotron at the Berkeley Rad Lab.

> 1965: Forsyth et al. use a “z-pinch” plasma lens to increase 
neutrino yield from protons at Brookhaven National Lab

> 1990s: Le Dallic/Kowalewicz et al. develop a plasma lens 
for antiproton capture at CERN

> 1990s: Boggasch and Stetter et al. develop a “wall-
stabilized” lens for heavy-ion beams at UNILAC at GSI

> 1992: Braun et al. proposes using plasma lenses for 
positron capture (2x higher bandwidth than solenoids)

Wolfgang Panofsky, SLAC Director

Le Dallic, Proc. EPAC 1990, p. 343
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APL revival and modern use with electrons
The Berkeley Lab strikes again

> In 2015, van Tilborg et al. brought it back to life
> Reached field gradient of ~3.6 kT/m  

(~100x stronger than typical quadrupoles)
> Enabled the first plasma-accelerator  

staging experiment
> Several other experiments followed:

> CLEAR at CERN (by Uni. Oslo et al.)
> MAMI at Mainz (by DESY et al.)
> SPARC_LAB at INFN

Steinke et al., Nature 530, 190 (2016)
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weak scaling of σ with density (ne only appears in the
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nated by the plasma temperature. Thus, with the plasma
near the wall typically colder than the plasma near the axis
in a discharged capillary, a radial temperature gradient
exists that is expected to drive a nonuniform current
distribution.
In this paper the nonuniform transverse current distri-

bution in the plasma lens is investigated. Section II
describes magneto-hydrodynamics (MHD) simulations of
the temperature and current distributions in the discharged
capillary. Section III presents experimental results using a
1-mm-diameter active plasma lens. Conclusions are pre-
sented in Sec. IV.

II. MODELING

To quantify the radial current distribution, one-
dimensional radial MHD simulations were performed.
For numerical reasons, the wall and the plasma temperature
Te were initiated at 0.3 eV [34]. For the simulations
presented next, the parameters I0 ¼ 93 A (800 ns after
the peak of the 440 A discharge pulse), R ¼ 500 μm, and
He gas at 8 × 1016 cm−3 atomic density were used, with the
current pulse shape shown (solid black curve) in the bottom
right inset of Fig. 2. The density and temperature (at 800 ns
after the peak of the current pulse) are shown in Fig. 1(a).
The plasma temperature has increased near the axis to
>3 eV, while the density is reduced on axis and increases
towards the wall (the formation of a plasma channel). The
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is the axial component of the electric field in the comoving
frame in which the plasma is locally at rest.
A simple expression for the azimuthal magnetic field
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FIG. 1. MHD simulations of a 1-mm-diameter plasma lens
yield the radial distribution of (a) the electron temperature and
plasma density, (b) the transverse current density, and (c) the
magnetic field profile. A simplified model was proposed (plotted
as solid blue curves), based on JðrÞ ∝ TeðrÞ3=2, with TeðrÞ ∝
uðrÞ2=7 as described in Ref. [34]. One can observe an approx-
imately 35% enhancement in near-axis current density and
B-field gradients.

J. VAN TILBORG et al. PHYS. REV. ACCEL. BEAMS 20, 032803 (2017)

032803-2

van Tilborg et al., PRAB 20, 032803 (2017)
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Spherical aberrations and emittance preservation
> Found spherical aberration to be an issue

> Caused by wall cooling
> Modeled by Bobrova et al. (JT model)

> Solved by changing to heavy gas (Ar)
> Linear focusing (preserves emittance)
> Emittance preservation demonstrated in 

an experiment at CLEAR, CERN
> Beam–gas scattering can however be an 

issue for heavy gases (∆εn ~ Z2)
> Wakefields (passive plasma lensing) 

can also cause emittance growth
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FIG. 1. MHD simulations of a 1-mm-diameter plasma lens
yield the radial distribution of (a) the electron temperature and
plasma density, (b) the transverse current density, and (c) the
magnetic field profile. A simplified model was proposed (plotted
as solid blue curves), based on JðrÞ ∝ TeðrÞ3=2, with TeðrÞ ∝
uðrÞ2=7 as described in Ref. [34]. One can observe an approx-
imately 35% enhancement in near-axis current density and
B-field gradients.
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in a four-step process, starting with (1) the formation of a
cold plasma. Then (2) the electron temperature increases
sharply from Joule heating, but (3) due to a thin, virtually
electron-free sheath near the capillary wall, the hot elec-
trons only transfer their heat to the plasma ions, which
(4) subsequently lose heat to the wall. This process
preferentially cools the plasma closer to the capillary wall,
leading to the formation of a nonuniform temperature
profile with hotter plasma closer to the axis. Since the
plasma conductivity σ increases with the plasma electron
temperature Te, the current concentrates closer to the axis,
as given by [17]

JzðrÞ ¼ σðrÞEz ∝ T3=2
e ðrÞ; ð3Þ

where Ez is a uniform longitudinal electric field.
A steady-state solution to this process was found by

Ref. [15] through a simplified magnetohydrodynamics
(MHD) approach, satisfying the radial heat flow equation

1

x
∂
∂x

!
x
∂u
∂x

"
þ u3=7 ¼ 0; ð4Þ

where x ¼ r=R is a scaled radius and u ¼ ðTe=AÞ7=2 is a
scaled temperature for which A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7R2E2

zσ0=2κ0
p

. Here
we assume a Maxwellian velocity distribution, such that
the thermal and electrical conductivities scale according to
κ ¼ κ0T

5=2
e and σ ¼ σ0T

3=2
e , respectively [27]. Substituted

into Eq. (3), we find the current density profile

JzðrÞ ¼
I0
πR2

uðrÞ3=7

2mI
; ð5Þ

where the scaled temperature is normalized by

mI ¼
Z

1

0
uðxÞ3=7xdx; ð6Þ

to ensure the correct total current 2π
R
R
0 JzðrÞrdr ¼ I0.

With this current density, Ampère’s law (1) can be numeri-
cally integrated to find the steady-state radial magnetic field
distribution—sometimes termed the “JT model.” A non-
uniformity will lead to an enhancement of the on axis
focusing gradient 1–1.48 times larger than Eq. (2), depend-
ing on the wall temperature.
In order to avoid the nonuniformity, we must break the

assumption of steady state. In a light gas, this is not trivial,
as the timescale of electron–ion heat transfer, and hence the
buildup of the nonuniformity, is shorter than the typical rise
time of the current pulse. However, crucially, this timescale
can be slowed down by changing to a heavier gas, where
the rate of thermal transfer between electrons and ions as
well as the ion thermal conductivity (both inversely
proportional to the ion mass [15]) are significantly reduced.
The discharge current can then rise to its peak before the

current becomes nonuniform, ensuring a linear magnetic
field when the beam passes. Two-temperature MHD
simulations using FLASH [28] are currently under study
to verify this explanation and will be the subject of a future
publication.
Experimentally, this magnetic field distribution was

found by measuring the angular deflection of the beam
as an offset ΔyOTR on the downstream OTR screen for
every offset y0 of the lens. Since the current in the APL was
fluctuating by a few percent, the measurement can be
improved by considering the ratio of the magnetic field and
the instantaneous discharge current observed by the beam

Bϕðy0Þ
I0

¼ EΔyOTR
ecLΔsI0

; ð7Þ
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FIG. 2. Measurement of the magnetic field per discharge
current for a scan of beam-to-lens offsets in (a) helium and
(b) argon, where the uncertainty (blue error bars) represents the
standard deviation of the mean. A strong nonlinearity is observed
in helium, consistent with the JT model (gray line), whereas in
argon the measurement is consistent with the expectation from a
uniform current density (orange lines).
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Use with laser–proton beams
Recent progress in China

> Laser–protons have high energy spread and divergence
> Yan et al. (CLAPA, Peking University, China) have recently 

applied APLs to this problem:
> Experiment using laser–proton  

beams (TNSA; up to 3.5 MeV)
> Used a radius-varying lens, capturing  

~50% higher divergences (~2x more charge)  
compared to a constant-radius lens

> Observed scattering from using  
heavy gases (Ar vs. He): beam  
density dropped by 3x for Ar.

Yan et al., NIM A 1057, 168737 (2023)

Y. Yan et al., Phys. Rev. Accel. Beam 27, 052802 (2024)

within the capillary to be lower than the kinetic pressure
[24,25], i.e.,

μ0I2=ð8π2R2Þ < n0kBTe; ð1Þ

where n0 is the plasma density, kB is the Boltzmann
constant, and Te is the electron temperature. Therefore,
the z-pinch effect can be neglected, eliminating the tem-
poral evolution of the plasma column radius and enhancing
magnetic field stability.
Later on, several studies have demonstrated the focusing

effects of APLs on LPA electron beams [26–32], facilitat-
ing research in cutting-edge areas like cascaded acceler-
ation [33]. However, exploration of APL application for
focusing LPA proton beams remains limited. The primary
challenge lies in the low transmission efficiency: the
divergence angles of LPA proton beams are 2 orders of
magnitude larger than that of electron beams, resulting in a
significant proportion of protons either missing the APLs’
entrances or hitting the channel walls and being lost. For
instance, the only reported experiment using an APL to
guide LPA proton beams showed a collection angle of
11 mrad, and 0.2% of protons (with an initial FWHM
divergence of 260 mrad) was transmitted [6]. One method
to increase transmission efficiency is by expanding the
capillary radius R and proportionally increasing the dis-
charge current I ∝ R2 to ensure current density. However,
this would increase the cost of circuit construction and

operation. Additionally, Eq. (1) indicates an upper limit on
the current value to avoid z-pinch effects. Hence, it is
imperative to explore other methods to increase the APL
collection angle.
We have theoretically demonstrated that this issue could

be relieved by dynamically altering the geometry of the APL
[34]. In the previous cylindrical APL (C-APL), the constant
radius fails to adapt to the changing transverse dimensions of
the beam, leading to suboptimal utilization of the discharge
current’s focusing power. In contrast, our proposed radius-
varying APL (RV-APL) optimizes the aperture of the
capillary to perfectly align with the beam envelope, thereby
enhancing magnetic field utilization and significantly
increasing beam transmission efficiency. The geometrical
sketch of the C-APL and RV-APL can be found in Fig. 1(a).
In this experiment, we conducted the first comparative

tests of C-APL and RV-APL in focusing LPA protons at
MeV-level energies. Without altering the external current
magnitude and the intended focusing position, RV-APL
was observed to expand the acceptance angle range to 1.5
times that of C-APL. This resulted in a doubling of beam
density and total charge for protons passing through RV-
APL compared to C-APL. Such a compact, dose-enhancing
beam transmission component is of significant importance
for the development of various applications of laser
accelerators.

(a)

(b) (c) (d)

FIG. 1. Experimental setup: (a) Illustration of active plasma lenses (C-APL or RV-APL) focusing LPA proton beams. Removable
radiochromic films (type HD-V2) and a Thomson energy spectrometer are utilized to measure the protons. (b) Characteristics of the LPA
proton bunch, exhibiting an exponentially decaying energy spectrum and energy-dependent divergence angles in the order of hundreds of
mrad. (c) Determination ofAPLdischarge timing. The timing between the current and the proton beam, influencing the focusing power of the
APL on the protons, was adjusted based on simultaneous recordings of the discharge current and the electromagnetic pulses (EMPs)
generated synchronouslywith the beam. (d) Selection ofAPL filling gas type. The spectral lines (the color scale represents the count from the
electron-multiplyingCCDused for detecting the beam signals,which is proportional to beam intensity) captured by the spectrometer after the
proton beam passed through argon (left) and helium (right) plasmas indicated that argon plasma is unsuitable as a transmission medium for
MeV energy LPA protons. Therefore, in our experiments, APLs based on helium plasma were exclusively used.
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FIG. 1. Experimental setup: (a) Illustration of active plasma lenses (C-APL or RV-APL) focusing LPA proton beams. Removable
radiochromic films (type HD-V2) and a Thomson energy spectrometer are utilized to measure the protons. (b) Characteristics of the LPA
proton bunch, exhibiting an exponentially decaying energy spectrum and energy-dependent divergence angles in the order of hundreds of
mrad. (c) Determination ofAPLdischarge timing. The timing between the current and the proton beam, influencing the focusing power of the
APL on the protons, was adjusted based on simultaneous recordings of the discharge current and the electromagnetic pulses (EMPs)
generated synchronouslywith the beam. (d) Selection ofAPL filling gas type. The spectral lines (the color scale represents the count from the
electron-multiplyingCCDused for detecting the beam signals,which is proportional to beam intensity) captured by the spectrometer after the
proton beam passed through argon (left) and helium (right) plasmas indicated that argon plasma is unsuitable as a transmission medium for
MeV energy LPA protons. Therefore, in our experiments, APLs based on helium plasma were exclusively used.
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effects of APLs on LPA electron beams [26–32], facilitat-
ing research in cutting-edge areas like cascaded acceler-
ation [33]. However, exploration of APL application for
focusing LPA proton beams remains limited. The primary
challenge lies in the low transmission efficiency: the
divergence angles of LPA proton beams are 2 orders of
magnitude larger than that of electron beams, resulting in a
significant proportion of protons either missing the APLs’
entrances or hitting the channel walls and being lost. For
instance, the only reported experiment using an APL to
guide LPA proton beams showed a collection angle of
11 mrad, and 0.2% of protons (with an initial FWHM
divergence of 260 mrad) was transmitted [6]. One method
to increase transmission efficiency is by expanding the
capillary radius R and proportionally increasing the dis-
charge current I ∝ R2 to ensure current density. However,
this would increase the cost of circuit construction and

operation. Additionally, Eq. (1) indicates an upper limit on
the current value to avoid z-pinch effects. Hence, it is
imperative to explore other methods to increase the APL
collection angle.
We have theoretically demonstrated that this issue could

be relieved by dynamically altering the geometry of the APL
[34]. In the previous cylindrical APL (C-APL), the constant
radius fails to adapt to the changing transverse dimensions of
the beam, leading to suboptimal utilization of the discharge
current’s focusing power. In contrast, our proposed radius-
varying APL (RV-APL) optimizes the aperture of the
capillary to perfectly align with the beam envelope, thereby
enhancing magnetic field utilization and significantly
increasing beam transmission efficiency. The geometrical
sketch of the C-APL and RV-APL can be found in Fig. 1(a).
In this experiment, we conducted the first comparative

tests of C-APL and RV-APL in focusing LPA protons at
MeV-level energies. Without altering the external current
magnitude and the intended focusing position, RV-APL
was observed to expand the acceptance angle range to 1.5
times that of C-APL. This resulted in a doubling of beam
density and total charge for protons passing through RV-
APL compared to C-APL. Such a compact, dose-enhancing
beam transmission component is of significant importance
for the development of various applications of laser
accelerators.

(a)

(b) (c) (d)

FIG. 1. Experimental setup: (a) Illustration of active plasma lenses (C-APL or RV-APL) focusing LPA proton beams. Removable
radiochromic films (type HD-V2) and a Thomson energy spectrometer are utilized to measure the protons. (b) Characteristics of the LPA
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generated synchronouslywith the beam. (d) Selection ofAPL filling gas type. The spectral lines (the color scale represents the count from the
electron-multiplyingCCDused for detecting the beam signals,which is proportional to beam intensity) captured by the spectrometer after the
proton beam passed through argon (left) and helium (right) plasmas indicated that argon plasma is unsuitable as a transmission medium for
MeV energy LPA protons. Therefore, in our experiments, APLs based on helium plasma were exclusively used.
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Use with laser–proton beams

Y. Yan et al., Phys. Rev. Accel. Beam 28, 032801 (2025)

> Yan et al. also demonstrated use of bent capillaries (bending and guiding the beam) 
– idea introduced for electron beams by Pompili et al. (2018/2024)

> Can be envisioned as part of a gantry setup for cancer treatment.
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Conclusion
> Active plasma lenses provide strong (kT/m), 

pulsed, uniform focusing for all particle types

> Long history starting in 1950, with recent 
surge of interest from advanced accelerators
> Key for staging plasma accelerators

> APLs have recently been used to focus  
~3 MeV laser–proton beams
> Can we apply APLs to higher-energy  

proton/ion beams (~100 MeV)?
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> Inspiration: chromaticity correction in collider final focusing
> Disperse, apply stronger focusing for higher energies (+ vice versa)

> Compact and achromatic (~10% BW) using a nonlinear plasma lens

SPARTA: Novel achromatic staging optics
Solves staging (coupling plasma accelerators) with a new plasma lens
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SPARTA: Development of a nonlinear plasma lens
Exciting a nonlinearity through the Hall effect

> Concept: apply an external B-field to induce Hall effect
> Shifts the discharge current to one side

> MHD simulations (COMSOL) indicates the principle works.
> Designed/manufactured at Uni. Oslo (P. Drobniak et al.).
> Characterized with e-beam in CLEAR @ CERN (2024–2026).

Lens

Screen

P. Drobniak et al., NIM A 1072, 170223 (2025)

considering instead the e!ect of magnetisation on the plasma
conductivity, we would indeed expect the observed sign of
the coe"cient. Hydrodynamic simulations, including mag-
netisation, are required to disentangle these e!ects.

It is not clear to us at this point how badly the misalign-
ment influenced the measurement. A more precise and tun-
able plasma-lens design, already constructed for an upcom-
ing campaign, will hopefully unlock more accurate mea-
surements. Accounting for thick lens e!ects in the analysis
will also help. Further, we will increase the strength of the
external magnetic field in order to probe stronger plasma
interactions—this should make the e!ect more visible.

HYDRODYNAMIC SIMULATION
Our goal in this section is not yet to reproduce the CLEAR

experiment, since the model we employ uses H2, which does
not behave similarly to a heavier gas like Ar, as experimen-
tally observed by Lindstrøm et al. [17]. Instead, our goal
is to extend our previous 1D study (see Ref. [11]) to 2D-
simulations, in order to better understand the origin of the
nonlinearity. The present model runs in COMSOL, devel-
oped at DESY [18] and originally intended to study H2 inter-
actions, integrates the e!ect of the 𝐿-field (both internal and
external field) on the electrons through the Lorentz force
and takes plasma magnetisation into account [14]. Work is
currently ongoing to extend this model to Ar.

Our simulations are performed with the same geometry
as the experiments, as well as the same current profile. The
gas is initialised as H2 at 7 mbar, slightly ionised. The ex-
ternal field is 160 mT (3.5 times higher than in the experi-
ment described above). A typical 2D-simulation result, for
a fully ionised plasma, is presented in Fig. 2. In order to
virtually suppress the symmetrical nonlinearity caused by
wall-cooling e!ects (present in H2), making it more indica-
tive of what is achievable in a gas without this e!ect (such as
Ar [17]), we plot the di!erence in absolute current density
between a simulation with 160 mT external field and a simu-
lation without external field: 𝑀𝑁𝐿 = | (𝑁𝐿)160 mT | → | (𝑁𝐿)0 mT |.

The di!erence in current density distribution is clearly
asymmetric, implying that the external field indeed has an
e!ect. This is also visible in the internal vertical 𝐿-field dif-
ference along the horizontal axis (𝑀𝐿𝑀 (𝑂, 0)), which largely
has a quadratic shape (but also an o!set, which indicates a
small shift of the magnetic center). In order to quantify the
nonlinearity, we performed a third-order polynomial fit on
𝑀𝐿𝑀 in the range [→390, 390] µm. The present simulation
has (𝑃0)sim. = 1130 T/m and (1/𝑄𝑁)sim.

= 100 m→1, which
again is very encouraging as it overlaps with the SPARTA
requirements. Some higher order terms are also present: we
are aiming to remove these by simulating a heavier gas (Ar)
in the near future.

Plasma magnetisation only plays a marginal role here and
we observe a strong contribution from the Lorentz force
on the electron density. This motivates the continuation
of our CLEAR experimental campaign coupled with the

Figure 2: Top: di!erence in 2D absolute current density
𝑀𝑁𝐿 between a simulation with 160 mT external field and no
external field, both with H2 at 7 mbar, extracted at 185 ns.
A black dashed line indicates where data are extracted for
the bottom graph. Bottom: 1D plots extracted at (𝑂𝑂 , 𝑅𝑂) =
(𝑂, 0) for the di!erence in vertical 𝐿-field 𝑀𝐿𝑀 (where the
external 𝐿-field has been subtracted) and in current density.

development of a heavy-gas model for a better understanding
of our nonlinear lens concept.

CONCLUSION
The concept of a nonlinear plasma lens for achromatic

staging has been introduced, with its theoretical required
𝐿-field distribution. Our first experimental results (with
Ar) from an experimental campaign at CLEAR in 2024
show a potential nonlinearity. Simulations in 2D, but with a
lighter gas (H2), appear to confirm that our concept could
work, motivating a new experimental campaign with better
alignment and stronger external magnetic fields.
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Radial vs. quadrupole focusing
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Z-pinch
> Current self-focuses due to strong B-fields (magnetic pressure > “gas” pressure) — deforms uniform current


> Intensely studied in 1950s–60s as a path towards fusion (did not work out).


> Sets limit to maximum current (and therefore focusing gradient)


> However, this effect takes some time to kick in: 
Example: 4 mbar argon, 500 µm radius, 5 A/ns ⇒ 200 ns


> Being addressed in experiments at CLEAR


> Possible solution: Ultrafast current rise times (0-to-kA in ns or less)


