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Laser-plasma accelerators outperform current radiofrequency technology in acceleration strength
by orders of magnitude. Yet, enabling them to deliver competitive beam quality for demanding
applications, particularly in terms of energy spread and stability, remains a major challenge. In this
Letter, we propose to combine bunch decompression and active plasma dechirping for drastically
improving the energy profile and stability of beams from laser-plasma accelerators. Realistic start-
to-end simulations demonstrate the potential of these post-acceleration phase-space manipulations
for simultaneously reducing an initial energy spread and energy jitter of ∼1–2% to <

∼
0.1%, closing

the beam-quality gap to conventional acceleration schemes.

Laser-plasma accelerators (LPAs) [1] can give rise to
a new generation of ultra-compact particle accelerators
with a wide range of applications. Among others, they
could enable cost-effective coherent light sources [2, 3]
or injectors for storage rings [4, 5]. Improvements in
beam quality such as the demonstration of peaked energy
spectra [6–8], GeV energy [9–11], high current [12] and
low emittance [13–15], bring the performance of these de-
vices closer to that of radiofrequency (RF) accelerators.
Still, challenges limiting their applicability remain, par-
ticularly regarding the beam energy spread and stability.

Applications such as free-electron lasers (FELs) require
an energy spread <

∼0.1% [16], yet current LPAs typically
operate in the ∼1% range [17]. The main source behind
this is typically the steep slope of the accelerating fields,
which leads to beams with a strong longitudinal energy
correlation (chirp), together with various contributions
to the slice energy spread [18–20]. Many techniques have
been proposed for reducing the energy chirp of plasma
beams, either within the acceleration stage [21–23] or in a
dedicated external device [24–31]. A promising approach
is the use of beam loading [32–34] for flattening the av-
erage accelerating gradient along the LPA [35–38]. This
has enabled the demonstration of the first sub-percent
energy spread beams capable of generating FEL radia-
tion [3]. Nonetheless, reaching the performance of con-
ventional machines demands further improvements to the
energy spread as well as to the shot-to-shot energy jitter,
which currently ranges in the few percent [3, 17].

The energy stability is critical for the beam trans-
port downstream of the LPA, and thus for virtually any
application. Especially demanding is the injection into
diffraction-limited storage rings, where particle energy
deviations up to ∼1% [39] are tolerated. This requires an
energy jitter and energy spread <

∼0.1% rms. Recent de-
velopments in machine learning and active feedback loops
[37, 40, 41] offer a path towards LPAs of improved stabil-
ity, particularly with the onset of kilohertz lasers [42–44],
but a permille energy jitter is yet to be demonstrated.

In this Letter, we propose a technique for drastically –
and simultaneously – reducing the energy spread and en-
ergy jitter of LPA beams in a two-step process. First, lon-
gitudinal decompression in a magnetic chicane is used to
imprint a linear correlation between the particles’ arrival
time and energy [23, 45–48]. Second, a linear longitudinal
electric field is applied to remove the imprinted correla-
tion and correct deviations with respect to the target en-
ergy. This is carried out by an active plasma dechirper
(APD), a dedicated plasma stage where the wakefields
are generated by a fraction of the LPA driver. In contrast
to passive plasma dechirpers [24–27], where the wake-
fields are generated by the electron beam itself, an APD
takes advantage of the intrinsic synchronization between
the LPA and APD drivers for correcting the central en-
ergy jitter, and not only the energy spread. This combi-
nation of chicane and APD is the first demonstration of
a plasma-based energy compression system [49, 50]. Its
working principle resembles that of chirped-pulse ampli-
fication in lasers [51]. Realistic start-to-end simulations
show that this method can be incorporated into state-
of-the-art LPAs [36, 37] for improving the energy spread
and stability by an order of magnitude, closing the per-
formance gap to RF accelerators.

The combined effect of decompression and dechirping
can be studied by investigating the single-particle dy-
namics. By establishing a reference energy γref as the
desired beam energy of the accelerator, a relative energy
deviation δ(t) = (γ(t)−γref)/γref and longitudinal coordi-
nate ζ(t) = z(t)− zref(t) can be defined for each particle.
Here, γ =

√

1 + (p/mec)2 is the relativistic Lorentz fac-
tor, with p and me being, respectively, the momentum
and rest mass of an electron; c is the speed of light in
vacuum; t is time; z is the longitudinal position; and zref
is the position of a reference particle with δ = 0 initially
located at the beam center. A dispersive section trans-
forms the phase-space coordinates of a particle initially
at (ζi, δi) to a final position ζf = ζi+R56δi+O(δ2i ) [53],
where R56 is the linear dispersion coefficient, while leav-
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FIG. 1. Basic layout and working principle of an LPA energy compressor and stabilizer. Only the LPA source and the relevant
beam line components (laser, chicane and APD) are shown. The longitudinal phase space of the beam at different locations is
also displayed, as well as the 3D [52] wakefield structure in the APD.

ing the energy unchanged. Thus, to first order in δi,
a beam with no initial correlation between ζi and δi is
longitudinally stretched by a factor

S ≡
σζf

σζi

=

√

(

R56σδi

σζi

)2

+ 1 , (1)

while developing a linear chirp χ ≡ σζδ/σ
2
ζ = R−1

56 (1 −

S−2), which is χ ≃ R−1
56 for S2 ≫ 1. Here, σζ and

σδ are the standard deviations of ζ and δ, and σζδ is
their covariance. After decompression, the beam enters
a dechirper of length L that applies a linear longitudinal
electric field Ez(ζ) = −(mec

2/e) E ′ (ζ − ζ0) with normal-
ized slope E ′ centered at ζ0, where e is the elementary
charge. Assuming a highly relativistic beam (γ ≫ 1), ζf
stays constant throughout the dechirper and the particle
energy is transformed into a final value

δf =
1

R56

(ζf − ζi) +
E ′L

γref
(ζf − ζ0) . (2)

Therefore, the energy correlation imprinted by the lin-
ear dispersion can be removed by the dechirper if

E ′L = −
γref
R56

. (3)

This results in a net reduction of the beam energy spread,
whose final value is fully determined by R56 as

σδf =
σζi

R56

≃
σδi

S
, (4)

where the last equality holds if S2 ≫ 1.
This technique is ideally suited for LPA beams. As Eq.

(4) shows, the typically ultra-short (∼1 ➭m) length and
large (∼1%) energy spread allow for a factor 10 decom-
pression and energy spread reduction with minimal dis-
persion (R56 ∼ 1mm). In addition, the high initial peak

current (up to ∼10 kA [12]) means that a final current in
the ∼1 kA range can still be achieved after decompres-
sion, allowing for FEL applications. When high current
is not required, such as in storage ring injectors, an even
more drastic energy spread reduction could be realized.
As illustrated in Fig. 1, the bunch decompression can

be performed by a magnetic chicane, where path length
differences arise due to an energy-dependent transverse
deflection. This results in R56 = 2θ2(Ld + 2Lm/3) [53],
where Lm and θ are, respectively, the magnet length and
bending angle (for δ = 0); and Ld is the distance between
the central and outer dipoles.
When Eq. (3) is satisfied, Eq. (2) also yields that the

final deviation of the average beam energy is given by

〈δf 〉 =
ζ0
R56

. (5)

Therefore, if ζ0 = 0, the final beam energy is stabilized to
γref regardless of its initial value. This requires the abil-
ity to control ζ0 independently of the beam position, i.e.,
with an active dechirping medium where the fields are
not generated by the beam itself. An APD accomplishes
this in a compact, plasma-based setup. It is conceptually
similar to a laser-plasma lens [54, 55], but aimed at the
generation of longitudinal, instead of transverse, fields
with a fraction of the LPA driver. The intrinsic synchro-
nization between the LPA and APD drivers allows for a
precise control of ζ0, independently of the electron beam
arrival time. This setup is also robust against realistic
timing jitters between both drivers. As obtained from
Eq. (5), if R56 ∼ 1mm, a state-of-the-art timing jitter
of <

∼10 fs [56, 57] is sufficient for achieving a per-mille
energy jitter.
When the peak normalized vector potential of the APD

driver is sufficiently high (i.e, a0 >
∼ 2), large plasma elec-

tron cavitation occurs and a trailing wakefield with uni-
form E ′ is generated (cf. Fig 2(a)). The length of the
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tude improvement over the initial values, and demon-
strates a dechirping strength of ∼62GeVmm−1 m−1,
a factor >103 higher than with RF technology [5].
The final energy variability is dominated by the tim-
ing jitter between the two laser pulses. This can be
seen in Fig. 4(f), where the observed time-energy cor-
relation is in full agreement with Eq. (5). The fi-
nal beam emittances of (5.4± 1.2) ➭m (horizontal) and
(1.78± 0.85) ➭m (vertical) experience an increase mostly
due to chromatic effects in the transport line and trans-
verse offsets of the laser at the APD entrance, which
also lead to an increased pointing jitter of 1.91mrad
(horizontal) and 1.84mrad (vertical). The final beam
charge of (34.8± 5.6) pC is reduced due to the collimat-
ing slit in the chicane, resulting in a peak current of
(0.180± 0.038) kA for a bunch duration of (193± 46) fs.
This study demonstrates the feasibility and robustness of
the proposed concept under real-world conditions, paving
the way towards the experimental demonstration of re-
liable and high-quality plasma accelerators. Side effects
such as emittance growth or charge loss can be greatly
minimized by a lower initial energy spread, and the fi-
nal energy stability can be further improved if the laser
timing jitter is reduced.

In conclusion, the presented concept of bunch decom-
pression and active plasma dechirping effectively cor-
rects the energy spread and jitter of LPAs in a com-
pact setup. Large-scale realistic start-to-end simulations
demonstrate that the beam energy spread and energy jit-
ter of state-of-the-art LPAs can be reduced by an order of
magnitude to the permille and sub-permille range. This
would enable LPAs as compact beam sources for future
storage rings or free-electron lasers.
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J. Dirkwinkel, M. Schnepp, R. Lehe, and A. R. Maier,
Bayesian optimization of a laser-plasma accelerator,
Phys. Rev. Lett. 126, 104801 (2021).

[38] L. T. Ke, K. Feng, W. T. Wang, Z. Y. Qin, C. H. Yu,
Y. Wu, Y. Chen, R. Qi, Z. J. Zhang, Y. Xu, X. J. Yang,
Y. X. Leng, J. S. Liu, R. X. Li, and Z. Z. Xu, Near-
gev electron beams at a few per-mille level from a laser
wakefield accelerator via density-tailored plasma, Phys.
Rev. Lett. 126, 214801 (2021).

[39] C. G. Schroer, R. Roehlsberger, E. Weckert, R. Wanzen-



7

berg, I. Agapov, R. Brinkmann, and W. Leemans, PE-
TRA IV: upgrade of PETRA III to the Ultimate 3D
X-ray microscope. Conceptual Design Report (Deutsches
Elektronen-Synchrotron DESY, Hamburg, 2019).

[40] S. J. D. Dann, C. D. Baird, N. Bourgeois, O. Chekhlov,
S. Eardley, C. D. Gregory, J.-N. Gruse, J. Hah, D. Hazra,
S. J. Hawkes, C. J. Hooker, K. Krushelnick, S. P. D.
Mangles, V. A. Marshall, C. D. Murphy, Z. Najmudin,
J. A. Nees, J. Osterhoff, B. Parry, P. Pourmoussavi, S. V.
Rahul, P. P. Rajeev, S. Rozario, J. D. E. Scott, R. A.
Smith, E. Springate, Y. Tang, S. Tata, A. G. R. Thomas,
C. Thornton, D. R. Symes, and M. J. V. Streeter, Laser
wakefield acceleration with active feedback at 5 hz, Phys.
Rev. Accel. Beams 22, 041303 (2019).

[41] R. J. Shalloo, S. J. D. Dann, J.-N. Gruse, C. I. D. Un-
derwood, A. F. Antoine, C. Arran, M. Backhouse, C. D.
Baird, M. D. Balcazar, N. Bourgeois, J. A. Cardarelli,
P. Hatfield, J. Kang, K. Krushelnick, S. P. D. Mangles,
C. D. Murphy, N. Lu, J. Osterhoff, K. Põder, P. P. Ra-
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ing Centre, Journal of large-scale research facilities 5,
10.17815/jlsrf-5-171 (2019).

[74] J.-L. Vay, Noninvariance of space- and time-scale ranges
under a lorentz transformation and the implications for
the study of relativistic interactions, Phys. Rev. Lett. 98,
130405 (2007).

[75] J.-L. Vay, C. G. R. Geddes, E. Esarey, C. B. Schroeder,
W. P. Leemans, E. Cormier-Michel, and D. P. Grote,
Modeling of 10 gev-1 tev laser-plasma accelerators using
lorentz boosted simulations, Phys. Plasmas 18, 123103
(2011).

[76] R. Lehe, M. Kirchen, B. B. Godfrey, A. R. Maier, and
J.-L. Vay, Elimination of numerical cherenkov instabil-
ity in flowing-plasma particle-in-cell simulations by using
galilean coordinates, Phys. Rev. E 94, 053305 (2016).

[77] M. Kirchen, R. Lehe, B. B. Godfrey, I. Dornmair,
S. Jalas, K. Peters, J.-L. Vay, and A. R. Maier, Stable dis-
crete representation of relativistically drifting plasmas,
Phys. Plasmas 23, 100704 (2016).


