PHYSICAL REVIEW RESEARCH 8, 023131 (2026)
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Andreas Seidel ®,">3-" Carola Zepter ®,"? Alexander Sivert®,">3 Stephan Kuschel ®,*T and Matt Zepf!>3
nstitut fiir Optik und Quantenelektronik, Friedrich-Schiller-Universitiit, Fiirstengraben 1, 07743 Jena, Germany
2Helmholtz-Institut Jena, Frobelstieg 3, 07743 Jena, Germany
3GSI GmbH, Planckstrafe 1, 64291 Darmstadt, Germany
*Institut fiir Kernphysik, Technische Universitit Darmstadt, Karolinenplatz 5, 64289 Darmstadt, Germany

® (Received 1 July 2025; accepted 23 February 2026; published 7 May 2026)

Determining the pulse duration of femtosecond electron bunches is challenging and often experimentally
invasive. An effective method for measuring the duration based on the time-dependent variations in electron
beam divergence induced by a passive plasma lens is described. Reconstruction of the temporal shape of
the electron bunch down to ¢ x dt = 10nm (~30as) without external RF cavities or multioctave spanning
spectrometer is shown numerically. Experimental data from an ~3 fs electron bunch demonstrates practical
applicability of this method. While this approach can be used with any high-current electron beam, it is
particularly well suited to laser-driven and particle-driven wakefield accelerators, which accommodate electron

beams with a time-dependent beam energy (e.g., “chirp”).

DOI: 10.1103/zj11-6zxc

I. INTRODUCTION

Laser wakefield acceleration (LWFA) [1] has emerged as a
technique capable of generating GeV-class electron beams [2]
with femtosecond-scale durations [3] and kiloampere-level
peak currents [4]. These ultrashort, high-charge-density
bunches enable applications ranging from compact free-
electron lasers [5], hybrid acceleration [6] toward future
high-energy physics experiments [7], or use LWFA as an
injector to replenish a synchrotron [8].

Despite rapid progress, resolving the temporal structure
of ultrafast electron bunches, particularly for durations be-
low t < 10fs, still remains a challenge. Typical accelerator
diagnostics, such as x-band radio-frequency cavities [9,10],
THz streaking [11], and optical streaking [12], face resolution
limits at 10 [13], 1.5, and 1.2 fs, respectively, and require tem-
poral synchronization. Faraday rotation probes [14] struggle
with signal-to-noise ratios at sub-10 fs scales. Multioctave
spectrometers can provide a measurement of the temporal
substructure of the electron bunch on the scale from 0.7 to
40 fs [3], but they are challenging to set up, operate, and re-
quire iterative Fourier-based reconstruction algorithms, which
deduce the bunch shape from the reconstructed phase.

Plasma lenses are a distinct and new class of electron bunch
diagnostic. Active plasma lenses, for example, have been used
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to measure the emittance [15]. Unlike magnetic lenses, active
plasma lenses provide kT/m-scale focusing gradients while
simultaneously acting as temporal diagnostic tools. Their
chromatic properties enable emittance characterization [16]
down to a micrometer-scale level. However, alignment sen-
sitivity has a crucial impact on the measurement [17].

Here, we discuss the use of passive plasma lenses as a pulse
duration diagnostic. Passive plasma lensing offers a disruptive
alternative to determining electron bunch parameters by ex-
ploiting inherent beam-plasma interactions without the need
for fine alignment. The extremely rapid response of a passive
plasma lens at sufficiently high density offers excellent tempo-
ral resolution. In vacuum, a relativistic electron bunch creates
magnetic (By) and electric (E,) fields. The resulting focusing
(cByp) and defocusing (E,) forces cancel in the ultrarelativistic
limit (y — 00), such that E, — cBy — 0.

When a relativistic electron bunch passes through a plasma,
two distinct regimes govern the dynamics: the overdense
regime (n, > n,), where the plasma density (n,) exceeds
the density of the electron bunch (n,), and the under-
dense regime (n, < np). Self-focusing is possible in both
regimes. In the overdense regime, the background plasma
electrons neutralize the electric field partially, resulting in
the focusing of the electron bunch driven by the remaining
self-generated magnetic field. Conversely, in the underdense
regime, the electron bunch significantly modulates the back-
ground plasma density, resulting in strong transverse and
longitudinal electromagnetic fields, which in turn generate
intense focusing forces on the electron bunch [18-21].

The rapid response of the plasma lens to the tem-
porally varying bunch parameters (particle density, en-
ergy chirp) results in spectrally dependent divergence
changes. This allows the temporal shape of the electron
bunch to be reconstructed with subfemtosecond accuracy

Published by the American Physical Society
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FIG. 1. Analytical transverse wakefield W, from Eq. (1) for a
chirped electron bunch with rms beam length o, = 3 um and rms
beam size o, = 6.8 um driving a linear wakefield in a plasma with
n, =1x 10" /cm?®. The total charge of the electron beam is Q =
65 pC. In light blue, the normalized longitudinal charge distribution,
and in black, the focusing fields.

without the need for temporal synchronization or precise
alignment.

II. THEORETICAL MODEL

A. Wakefield generation and focusing fields

Transverse wakefields generated by relativistic electron
bunches propagating through plasma are analyzed using linear
wakefield theory [22,23]. The electron bunch density distribu-
tion can be represented as n,(§ =z — ct, r) = nyo x ny(§) x
np1 (r), where ny is the peak charge density, while ny and
np, are the normalized longitudinal and radial charge dis-
tributions, respectively. The transverse wakefield, defined as
W, = E, — cBy, can be expressed analytically as [Eq. (63) in
Ref. [22]]

—nyoe dR 5
nyoe dR(r) np (&') x sin (ke (§ — &) dE’,

ey

where R(r) is given by

R(r) =k Ko(kper) f 'y (X (kper )dr’
0

oo
+ klz,elo (kper) f 'y (r)Ko(kper dr

with Ky and Iy representing modified Bessel functions and
kpe the plasma wave number. To prevent beam filamentation,
the threshold condition k,, x o, < 2.2, with o, the transverse
root-mean-square (rms) beam size, has been found [24].

The transverse wakefield generated by an electron bunch
with o, =3 um is shown in Fig. 1. We assume a chirped
electron bunch, as indicated by the color scale. The head of the
bunch contains the most energetic electrons, whereas the tail
contains the least energetic electrons. Due to the self-induced
transverse wakefield, the head of the bunch (the high-energy
electrons) experiences weaker focusing fields than the tail (the
low-energy electrons). This leads to a significant variation
in electron focusing along the bunch’s length, resulting in
distinct transverse momenta that can be easily measured using
magnetic electron spectrometers with angular resolution.
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FIG. 2. Analytical result of focusing fields W, from Eq. (1) for
different electron bunch lengths. The total charge of the Gaussian
electron beam was kept constant at Q = 65 pC. All bunches exhibit
a linear energy chirp with % = %, with 400 MeV being located
at the center of each bunch (§ = z — ¢t = 0).

This dependence is shown in Fig. 2: The transverse wake-
field strength varies significantly with both electron energy
and bunch length. While maintaining a constant charge of
65 pC within a plasma density of n, = 1 x 10'% /cm?, we
observe that electrons exceeding 500 MeV experience almost
no focusing regardless of bunch length. However, at lower
energies (250 MeV), the transverse field strength peaks at a
bunch length of o, = 3 wm, becoming weaker for both shorter
and longer bunches. These distinctive focusing patterns create
a unique energy-dependent divergence change in the electron
bunch, which enables the reconstruction of the longitudinal
bunch profile. The analytical description is valid, when the
induced wakefield is in the linear regime, the electron bunch
dimensions are smaller than one plasma wavelength, and the
electron bunch is monotonically chirped. Its important to note
that the actual dependence E (§ = z — ct) can be modeled and
reconstructed with our method as long as it is monotonically
increasing or decreasing. The chirp should be large enough to
create a sufficiently small slice energy spread at the plasma
lens. Through simulations we found that a slice energy spread
of more than 10% can reduce the amplitude of the divergence
oscillations.

As suggested by the the separatrix model [25], earlier-
injected electrons achieve higher energies before reaching
dephasing than those injected later, resulting in a broad en-
ergy spectrum for bunches generated via ionization injection
compared to localized injection mechanisms. Additional pos-
itive chirp contributions arise from path length differences
during drift—for example, 700 and 100 MeV electrons trav-
eling 100 mm develop a path difference of 1.3 um, further
enhancing the chirp and the observable effects in the energy
spectrum.

To quantitatively model the focusing strength experienced
by each electron energy inside the electron bunch, we rep-
resent the longitudinal electron bunch profile as a sum of
discrete, Gaussian-shaped bunchlets, n;(&;), each with an rms
length of 100 nm. These bunchlets contain electrons within
a 1 MeV energy interval and are located at longitudinal po-
sitions, &;. The total longitudinal profile is then given by
np (&) = Zf:”E, n;(§ + &;). This electron density distribution
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generates a wakefield, which in turn produces transverse fo-
cusing fields that can be calculated using Eq. (1).

The focusing strength for each bunchlet is characterized by
the parameter «:

e IW, (&)
Ky, &)= ———>, @)
pe Or
where p, = p.(y) is the momentum of the bunchlet and WLE)

ar
is the radial derivative of the transverse focusing field. Since

each bunchlet 7;(§;) is located at a different longitudinal po-
sition, it experiences a distinct focusing wakefield and thus a
unique focusing strength parameter « (y, &).

J

—k sin(y/kL)

Here, G and B denote drift lengths before/after the lens, L
the quadrupole length, and x = m the normalized focus-
ing strength, where fy is the reference focal length at energy
yomc?. For our plasma lens, this is replaced by Eq. (2).

For a particle ensemble, this formalism extends to beam
size and divergence via the covariance matrix ¥ = (XXT),
where X = (09, 0)) ". Under the Courant-Snyder parametriza-
tion («, B, y) [27], the geometric emittance is conserved as
€ = +/det . Assuming a beam waist (¢ = 0) at the plasma
source exit, the final rms beam size at the spectrometer re-

duces to
oy =M} 08 + Mo, “)

where oy and o are the initial rms size and divergence. We
use this formula to calculate the beam size on the spectrometer
screen and the parameter « is given by the wakefield [Eq. (2)].

III. EXPERIMENT
A. Setup

An experiment was conducted that allowed the temporal
response of the passive plasma lens to be tested. The ex-
periment was conducted at the JETi200 laser system at the
Helmbholtz Institute Jena (setup shown in Fig. 3). The laser
system delivered pulses with energies up to E = 4.0J at a cen-
tral wavelength of Ao = 800 nm and duration of T = 23 fs. An
f124 off-axis parabolic mirror focused the beam to a vacuum
full width at half maximum (FWHM) focal spot diameter of
22 um, with approximately 40% of the total energy contained
within the FWHM, resulting in a normalized vector potential
of ag = 2.9.

The laser beam was focused into the entrance of a 7.0-mm-
long gas cell, developed at the Helmholtz Institute Jena. It was
filled with a 92% helium and 8% nitrogen mixture by volume.
The higher nitrogen concentration compared to the commonly
used 1%—5% used for ionization injection maximized electron
beam charge while maintaining adequate laser guiding. AN-
SYS [28] fluid dynamics simulations of the gas flow through

B. Transverse beam dynamics

The transverse dynamics of relativistic charged particles
can be described using the transfer matrix formalism. For a
single particle with initial phase-space coordinates (xo, X;),
propagation through an optical system transforms the coor-

dinates
<X/) =M <X?)’
X b

where M represents the cumulative transfer matrix formed
by multiplying individual component matrices (Mgift, Miens,
etc.) [26]. In a typical quadrupole lens, the result will have the
form of Eq. (3):

7 <cos(ﬁL) — B/ksin(y/kL) Gcos(y/kL) + \/LE sin(y/kL) + B(—G+/x sin(\/kL) + cos(ﬁL))) 3)

—G./k sin(y/kL) + cos(y/kL)

(

the cell revealed a central 6-mm-long uniform density region
with 1.5-mm-long density ramps on either side.

The secondary target, used for plasma lensing, was a
7-mm-wide Laval nozzle operated with pure helium, posi-
tioned at a variable distance between 4 and 125 mm behind
the gas cell exit. Interferometric measurements [29] confirmed
that the neutral gas density profile above the nozzle remained
stable within 5% at a height of 2 mm above the nozzle.

A Kodak BioMAX scintillation screen [30] positioned
237 cm downstream from the gas cell recorded the electron
beam profiles and spectra. A 10-cm-long dipole magnet could
be inserted into the beam path, allowing for measurement
of either the electron beam profile or energy spectrum on
the same screen. The optical system was calibrated using a
530 nm laser diode in conjunction with established scintillator
response curves [30], enabling absolute charge measurements.

B. Passive plasma lens results

The experimental results of the electron beam energy
spectrum after acceleration in the gas cell and subsequent

LWFA gas cell

ABisua

spectrometer magnet

helium

gas jet scintillator

screen

<« 4 mrad —» an:

FIG. 3. Schematic of the experimental setup. The JETi200 laser
is focused with an f'/24 parabolic mirror onto a gas cell. The distance
between the gas cell and the consecutive jet acting as plasma lens
could be varied. A movable dipole magnet disperses the electrons on
the scintillation screen, enabling measurement of the energy spec-
trum and transverse beam profile. Left inset: Transverse beam profile.
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FIG. 4. (a) Observed electron beam energy spectrum without [panel (a), top] and with [panel (a), bottom] plasma lens, showing the
transverse divergence as a function of energy. Pronounced modulations in the beam divergence are observed across the spectrum with a plasma
lens. (b) Root-mean-square beam size as a function of electron energy. The blue curve represents experimental data extracted from vertical
lineouts of the spectrum in panel (a), bottom. The orange and red curves correspond to results from different fitting algorithms, including
constant dB/dr (orange) and energy-dependent dB/dr(y) (red). (c) Reconstruction of the longitudinal electron bunch profile corresponding
to the analytic model underlying the result in panel (b) (red curve). Dashed curves indicate the solutions obtained assuming different bunch
charges with 80% and 120% of nominal bunch charge shown, respectively. In light blue, the electron bunch energy over the position &.

propagation through a plasma lens are presented in Fig. 4(a).
In this configuration, the distance between the acceleration
stage and the plasma lens (second gas jet) was G = 7mm,
with the plasma lens itself being 7mm long and the spec-
trometer screen positioned B = 2360 mm from the plasma
lens. The data show clear focusing of the electron beam at
energies of 650 and 415 MeV, while significant defocusing is
observed at 500 and 310 MeV [see Fig. 4(a), bottom]. Notably,
the highest electron energies (E > 750 MeV) remain largely
unaffected by the plasma lens, as predicted by the theory.

These focusing-defocusing features are more clearly illus-
trated in Fig. 4(b), where the rms beam size on the screen
as a function of electron energy is shown in blue. This panel
also compares the experimental data to several theoretical
models. Given the precisely known distances in our setup,
we apply Egs. (3) and (4) under the assumption of a con-
stant magnetic field gradient, which is typical for magnetic
quadrupole lenses or solenoids, but clearly violated for our
plasma lens. The resulting beam size (orange curve) accu-
rately describes the high-energy portion of the spectrum (£ >
500 MeV), but fails to capture the pronounced oscillations in
beam divergence observed at lower energies. Such oscillatory
behavior is predicted at much lower electron energies (E <
50MeV) for a constant-gradient lens (see the Supplemental
Material [31]). This observation agrees with the prediction,
based on wakefield theory, that the electron bunch is positively
chirped, meaning that lower-energy electrons are positioned
at the rear of the bunch and thus experience stronger focusing
fields.

Further including Eq. (2) into the calculation and using the
model described earlier, the final beam size on the spectrom-
eter is shown in Fig. 4(b) (red curve). We iteratively adjusted
the positions &; of the bunchlets and recalculated the resulting
focusing field W, (§) and final beam size to minimize the
differences between the modeled and the measured transverse
beam sizes on the spectrometer. Details of this optimization
procedure are provided in the Supplemental Material [32].

The result of this optimization procedure [Fig. 4(b), red
curve] exhibits excellent agreement with the experimental
data, accurately reproducing both the positions of the minima

and maxima in the rms beam size across the entire en-
ergy range. The final reconstructed longitudinal bunch profile
np (), based on the optimized positions &; of all bunchlets, is
shown in Fig. 4(c). The dashed lines show the reconstructions
with £20% bunch charge. The reconstructed bunch length is
consistent with previous studies [3,14].

C. Comparison of PIC simulation
and theoretical reconstruction

We performed particle-in-cell (PIC) simulations using
FBPIC [33] to fully model the passive plasma lens interaction.
The simulation domain in longitudinal and radial directions
was set to S0um x 20 um (3200 x 200 grid points) using
N,, = 2 azimuthal modes. We simulated an electron bunch
with an intitial rms divergence of 0.2 mrad while retaining
key parameters of the experiment: (75 pC) charge, a triangular
energy spectrum (200-800 MeV, peaking at 750 MeV), rms
source size (1 um), and total bunch length (3 um). The elec-
tron source-to-plasma lens distance was increased to 40 mm
(from 7 mm in the experiment (resulting in the same charge
density at the plasma lens) and maintaining a total source-
to-spectrometer distance of 2370 mm. The lens was modeled
with a rectangular density profile (np = 1 x 10" cm™ and
L = 2mm), deliberately reducing the focusing field strength
W, to suppress multienergy oscillations to test our focusing
model.

The parameters chosen for the simulation exhibit a sin-
gle focus as shown in Fig. 5(a). We find that this improves
the fidelity of reconstruction. Applying the analytic model
from Fig. 4(b) (red curve) to this configuration yields excel-
lent agreement with the simulation (dashed lines), confirming
the model’s validity under controlled conditions. The re-
constructed longitudinal bunch profile from the analytic
reconstruction [Fig. 5(b), dashed lines] aligns closely with
the input PIC simulation profiles (solid curves), matching
both the total bunch length (3 um) and the overall shape.
This correspondence validates the analytic method’s ability
to reconstruct longitudinal bunch structures with high fidelity
when phase-space perturbations are minimized. The rising
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FIG. 5. (a) Root-mean-square beam size as a function of electron
energy for electron bunchs with different longitudinal profile after
plasma lensing, comparing PIC simulation results (solid) and ana-
Iytical modeling (dashed) for optimized lens parameters (rectangular
density profile, np = 1 x 10" cm™3 and L = 2 mm). (b) Comparison
of the reconstructed longitudinal bunch profiles from analytic mod-
eling (dashed) and the profile used as input for the PIC simulation
(solid), showing closely matched pulse shape and overall bunch
length.

(falling) edge of the pulses in Fig. 5 has a 10%-90% edge
of 1fs (~300nm) showing the high temporal resolution ob-
tainable.

We also performed simulations comparing the transverse
beam size dynamics for electron bunches ranging from 2 um
to 100nm (total bunch length, not rms) in order to system-
atically quantify the impact of bunch length on the electron
beam focusing in Fig. 6. All configurations retained the ex-
perimental longitudinal plasma density profile and constant
electron bunch charge density. For short bunches (k,0, <
1, where o, < 3um; see Fig. 2), wakefield theory predicts
weaker transverse focusing fields at the same electron energy
due to reduced overlap with the plasma wake. To counteract
this, we scaled the plasma lens density inversely with bunch

5 1
T oz=1pm
E ' UZ=250 nm
g 0,=50nm
[}
N
(]
€
@©
L}
e}
[%]
£

0

200 300 400 500 600 700 800
electron energy [MeV]

FIG. 6. PIC simulation results of the rms beam size vs electron
energy for total bunch lengths (20,) from 2 um to 20 nm. The electron
bunch charge density is constant for all cases, while the plasma lens
density is scaled as np = 8.5 x 107 cm™3 xl(i—‘_m. Shorter bunches
exhibit reduced beam size oscillations, due to weaker focusing fields
W, . The plasma lens profile was changed from Gaussian to rectan-
gular, and the divergence was reduced to 0.2 mrad for the shortest
bunch o, = 10 nm to increase focusing while adhering to Ref. [34].

length: np = 8.5 x 10" cm™ xl(’#. However, because the
charge density of the bunch was held constant in the simula-
tions, shorter bunches caused weaker wakefields, leading to
weaker beam focusing. Scalings of the simulations revealed
a trade-off: Reducing bunch charge by a factor of 3 necessi-
tated quadrupling the lens’ plasma density to maintain similar
modulations in the energy spectrum (see the Supplemental
Material [34]).

Figure 6 reveals that beam size modulations—critical for
longitudinal profile reconstruction—persist across all electron
bunches. Strikingly, these modulations remain resolvable even
in the subfemtosecond regime (red curve), enabling a direct
measurement of bunch lengths deep within the attosecond
regime.

IV. CONCLUSION

The rapidly evolving fields of passive plasma lenses have
been shown to provide the basis for a powerful diagnostic
of femtosecond to attosecond duration electron bunches. This
study demonstrates that the energy-dependent electron beam
focusing in a plasma lens results in chromatic modulation
patterns that encode the longitudinal bunch structure. An ana-
lytic model that reconstructs longitudinal bunch profiles from
these modulations is presented and validated through PIC
simulations for both chirped and unchirped pulses. Highest
sensitivity depends on choosing the correct plasma lens den-
sity and length.

The analytical reconstruction methodology benefits from
the broad energy bandwidths characteristic of LWFA elec-
tron beams. However, as demonstrated in the Supplemental
Material [35], distinct divergence modulation patterns persist
for bandwidths as narrow as 20 MeV. For significantly nar-
rower bandwidths, the reconstruction method would require
extension to account for longitudinal acceleration. Finally,
while the analytic model is derived assuming linear wakefields
with negligible plasma density perturbation, the reconstruc-
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tion proves robust even in the underdense interaction regime
(np > n,), as confirmed by the agreement with PIC simula-
tions shown in Fig. 5.
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