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Abstract
We report on a week-long study of a conceptual design

of EUV FEL light source based on an energy recovery
linac (ERL) with on-orbit laser plasma accelerator injection
scheme. We carried out this study during USPAS Summer
2023 session of Unifying Physics of Accelerators, Lasers
and Plasma applying the art of inventiveness TRIZ [1]. An
ultrashort Ti-sapphire laser accelerates electron beams from
a gas target with mean energy of 20 MeV, which are then
ramped up to 1 GeV in a four-turn scheme with a series of
fixed field alternating gradient magnets and two supercon-
ducting cryomodules. The electron beam is then bypassed to
an undulator line optimized to generate extreme ultraviolet
(EUV) light of 13.5 nm with peak power at kW level in a
single pass.

INTRODUCTION
The development of RF photo-cathode guns in 80s pro-

vide the high-brightness electron beams needed to realize
FEL ushering a new era for light sources in UV and X-ray
region. Meanwhile the conventional accelerator stages/tech-
nologies required to bring the electron beams to relativistic
GeV scale for light generation would measure upto hundred
of meters. The spatial extent of this kind of light source
can be made compact in two ways by minimizing the space
occupied by the accelerating structures. The first approach
is to accelerate the electrons in a recirculation mode with
energy recovery for increased efficiency and the second is
laser-plasma accelerators. Since the fidelity of low energy
(MeV scale) laser-plasma accelerator (LPA) are improving,
we consider a case of combining a LPA in an energy re-
covery linac (ERL) to drive a single pass SASE FEL in
the EUV region as shown in Fig. 1. We introduce an on-
orbit laser plasma accelerator for electron beams with mean
energies of 20 MeV. The electron beams gain energy of
245 MeV per turn in synchronized cryomodule while being
circulated in fixed field alternating gradient (FFA) arcs. The
electron beams achieve 1 GeV energy after four turns and
are bypassed to a undulator line for generating radiation at
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13.5 nm. After that, the timing correction chicane is acti-
vated, changing the path length and thus shifting the bunches
to decelerating phase of SRF cavities, for energy recovery.

Figure 1: Schematic diagram of ERL based EUV FEL source
with on-orbit laser plasma injector. Figure is not drawn to
scale..

In this report, we specify associated parameters for an
ERL driving a EUV FEL with on-orbit laser plasma injector
of Fig. 1. First we identify the necessary laser specifica-
tion and gas target to enable laser wakefield acceleration of
electron bunches with mean energy of 20 MeV, tens of pico-
Coulomb charge and geometric emittance of less than 50 nm.
Then we consider a scaling FFA lattice to accomodate elec-
tron beams from (20−)265 − 510 − 755−1000 MeV with
mean energy gain of 122.5 MeV from each superconducting
cryomodule per pass. After that we consider Halbach type
undulator made from permanent magnets to determine the
undulator gap, period and length necessary to achieve radia-
tion power approaching 1 kW output at 13.5 nm. Finally, we
close with discussions on issues and options of re-circulation
and recovery for laser, electron beams in ERL before and
after FEL.

LASER-PLASMA ACCELERATOR
Recent demonstrations of ∼1 µC electron acceleration

from kilo-joule laser OMEGA EP [2] and stable genera-
tion of ∼2.2 pC electron acceleration at 2.5 Hz with 170 mJ
Ti-Sapphire laser [3] in the MeV range indicate promise of
MeV range laser wakefield accelerators for application in
various fields. We consider employing the supersonic gas jet

FERMILAB-CONF-24-0753-V

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with 
the U.S. Department of Energy, Office of Science, Office of High Energy Physics.



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-MOPG66

408

MC2.A06 Free Electron Lasers

MOPG66

MOPG: Monday Poster Session: MOPG

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



target [4] used in both experiments [2, 3] along with ARCO
Hybrid Ti-Saphh laser from Amplitude [5] or Quark 30/45
from THALES [6] to drive a laser plasma accelerator with
mean electron energy of 20 MeV, total charge of 12-22 pC
and geometric emittance < 33 µm mrad and beam divergence
of less than 5°. Following similar approach to Ref. [7], we
estimate the desired laser and gas-target parameters for laser
wakefield acceleration [8] and the corresponding anticipated
plasma and electron beam parameters in Table 1. We note
that ≤ 1% of the electron beam charge with energy spread
≤ 10−3 transmits through the collimator (Fig. 1) to be accel-
erated in the cryomodules.

Table 1: Parameters For Laser-plasma Accelerator
Parameter Symbol (Unit) Value

Laser
Energy ℰ𝑙 (mJ) 50
Wavelength 𝜆𝑙 (nm) 800
FWHM pulse width 𝜏𝑙 (fs) 25
Rayleigh range 𝑧𝑅 (µm) 50
Waist size 𝑤0 (µm) 3.57
Peak Intensity 𝐼0 (W/cm2) 1 × 1019

Normalized amplitude 𝑎0 2.2
Gas target/Plasma
Electron density 𝑛𝑒(cm−3) 5 × 1018

Plasma wavelength 𝜆𝑝 (µm) 14.96
Maximum field gradient 𝐸𝑚𝑎𝑥 (GV/m) 2.24
Dephasing length 𝐿𝑑𝑝ℎ (mm) 5.18
Depletion length 𝐿𝑑𝑝𝑙 (mm) 5.23
Electron beam
Mean energy 𝛾0𝑚𝑐2 (MeV) 20
Total charge 𝑄 (pC) 12 − 22
RMS divergence 𝜎𝑥′ (mrad) < 85
Geometric emittance 𝜖 (µm mrad) < 33

ENERGY RECOVERY LINAC BASED ON
FFA APPROACH

Figure 2: Preliminary lattice design of energy recovery linac.

We borrow a multipass approach with energy recovery us-
ing FFA from the success of CBETA [9,10]. The collimated
20 MeV electron beams pass through two cryomodule gain-
ing mean energy of 122.5 MeV per cavity. For convenience,
the accelerating voltage of rf cavities is kept fixed to main-
tain constant gain per turn until the electrons reach 1 GeV
in four turns. This sets the required momentum acceptance

factor of 3.77 for the FFA arcs. For this project, we selected
the non-scaling FFA approach that require easier magnets
than for scaling FFA. Fig. 2 shows the skeletal layout of
chosen FFA simulated using BMAD [11]. This layout is
140 m long and 30 m wide covering an area of 4200 m2.

Fig. 3 shows beta function (𝛽), dispersion (𝜂), and or-
bit along path lengths in FFA arcs for (a) 300 MeV and (b)
1 GeV electron beams. The maximum horizontal beta func-
tion (𝛽𝐴) for 300 MeV is almost 8 times as that of 1 GeV
beam whereas it differs by less than factor of 2 for verti-
cal beta function (𝛽𝐵). For 300 MeV beam , the dispersion
function in horizontal plane remains within 15 cm while it
increases almost by a factor of 2 to an average of 30 cm for
1 GeV beam. Likewise, the orbit shifts by almost 30 cm be-
tween 300 MeV and 1 GeV. The lattice design needs further
tuning to minimize dispersion functions and orbit differences
to meet the condition for acceleration over multiple recircu-
lations; this requires setting differences in orbit length from
one energy to next to be smaller than the RF wavelength or
adopting the vertical FFA approach [12]. Vertical FFAs [12]
along with delay chicanes may come handy for resolving
path length and timing issues.

FEL

1 GeV electron beams are transported to an undulator line
using kicker magnets where they pass through an Halbach
type permanent magnet undulator to generate EUV light
centered at fundamental wavelength of 13.5 nm. We con-
sider Samarium-Cobalt (SmCo) based permanent undulator
with a fixed period of 3 cm, peak magnetic field 0.8 Tesla
and gap of 8.6 mm to achieve a net deflection parameter of
𝐾 = 2.21 [13]. We alter electron beam current and rms size
slightly to obtain variation in FEL Pierce parameter from
∼ 10−4 to ∼ 10−3 which affects gain length, saturated power
as well coherence length and RMS bandwidth significantly.
For our calculations, we apply 1D cold beam limit approx-
imation [13] and summarize our results in Table 2. Our
results indicate that saturated radiation power could be dou-
bled to ∼0.75 kW with a short undulator length of 32 m by
compromising coherence and bandwidth by almost a factor
of 2 using a tighter electron beam with rms beam size of
5 µm instead of 15 µm while keeping the same beam current
as shown in Table 2. This indicates the feasibility of gen-
erating peak power in the kW range at 13.5 nm from a FEL
light source by a slight increase in the beam current while
keeping other parameters constant since radiation power is
directly proportional to the beam current. We can increase
peak beam current by improving injection efficiency from
LPA and use higher repetition rate lasers to increase average
power. An alternative approach with charge accumulation
of LPA electrons in an accumulator ring and timed injec-
tion would also provide higher current beams. Last but not
least, seeded or electron beam manipulated FELs could also
considered for delivering higher peak power [13].
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(a) (b)
Figure 3: Betafunctions, dispersions, and orbit plotted versus longitudinal path for (a) 300 MeV and (b) 1 GeV electron
beams in the arc section.

Table 2: Parameters for FEL Light Source at 13.5 nm
Parameter Symbol (Unit) Value Value Value

Electron beam
Mean energy 𝛾0𝑚𝑐2 (GeV) 1 1 1
Peak current 𝐼 (Amp) 0.5 0.5 0.1
RMS bunch length 𝜎𝜏 (fs) 25 − 200 25 − 200 25 − 200
RMS beam size 𝜎𝑥 (µm) 15.0 5.0 15.0
Undulator / FEL
Undulator period 𝜆𝑢 (cm) 3.0 3.0 3.0
Undulator length 𝐿𝑢 (m) 66.0 33.0 42.0
Peak magnetic field 𝐵0 (T) 0.8 0.8 0.8
Gap for SmCo 𝑔 (mm) 8.64 8.64 8.64
Deflection parameter 𝐾 2.21 2.21 2.21
Pierce parameter 𝜌 4.51 × 10−4 9.37 × 10−4 2.64 × 10−4

Spontaneous radiation power 𝑃𝑠 (kW) 12.95 6.65 1.69
Radiation at 13.5 nm
Gain length 𝐿𝑔 (m) 3.06 1.47 5.22
Saturation length 𝐿𝑠𝑎𝑡 (m) 66.52 32.02 113.6
Saturated power 𝑃𝑠𝑎𝑡 (W) 360.8 749.6 42.24
Coherence length 𝜎𝑙 (fm) 8.69 4.26 9.1
RMS bandwidth 𝜎𝜈 4.12 × 10−4 8.4 × 10−4 3.94 × 10−4

DISCUSSION
This preliminary study explored the possibility of using

a laser wakefield accelerator as an injector to a multipass
energy recovery linac based on scalable FFA magnets to use
as a EUV FEL light source in the kW range. While feasi-
ble, several open technical questions remain to be answered
to realize such a device. The details of superconducting
rf cavities, phase and timing issues, practical FFA lattice,

collimation of laser accelerated electrons, recirculating used
electron beams for continuous radiation generation, 3D FEL
calculations and simulations as well as effects of incoherent
and coherent synchrotron radiation and collective beam ef-
fects are missing. The rigorous analysis required for tackling
these queries and issues are left for the readers to dwell on.
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