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Abstract
The ultra-compact x-ray free-electron laser (UC-XFEL),

described in [1], combines several cutting edge beam physics
techniques and technologies to realize an x-ray free electron
laser at a fraction of the cost and footprint of existing XFEL
installations. These elements include cryogenic, normally
conducting RF structures for both the gun and linac, IFEL
bunch compression, and short-period undulators. In this
work, several stepping-stone, demonstrator scenarios under
discussion for the UCLA SAMURAI Laboratory are detailed
and simulated, employing different subsets of these elements.
The cost, footprint, and technology risk for these scenarios
are considered in addition to the anticipated engineering and
physics experience gained.

INTRODUCTION
As described in [1], the ultra-compact x-ray free-electron

laser (UC-XFEL) is a proposed approach to realizing a fifth
generation light source, the next evolution of the modern x-
ray free-electron laser. Although the concept can be applied
to a range of photon energies and end-use cases, the most
thoroughly developed version is a soft x-ray (SXR) UC-
XFEL, delivering 25 gigawatts of 1.2 keV x-rays, which
can fit in a 40 meter footprint for a total cost of $40M, a
fraction of existing, fourth generation XFELs, (∼km and
∼$109 respectively) while delivering performance which
exceeds third generation (storage ring based) light sources
by many orders of magnitude. The favorable scaling of
the UC-XFEL will substantially increase access to intense,
coherent, and ultra-fast XFEL beamtime, to the benefit of
many scientific and industrial disciplines [2]. This model
of affordable, distributed XFELs is often compared to the
impact of ubiquitously available optical lasers on university
and industry research for myriad fields.

Broadly speaking, the UC-XFEL hinges on several demon-
strated but cutting-edge techniques and technologies to
achieve these advancements. First among these is the use
of advanced, short period, cryogenic undulators [3–7]. All
extant XFELs rely on either pure permanent magnet (PPM)
or hybrid Halbach arrays, at room temperature, with few
centimeter periods. By using short period undulators, the
UC-XFEL is able to reduce the required beam energy for
a given x-ray wavelength, 𝜆𝑟 = 𝜆𝑢

2𝛾2 (1 + 1
2𝐾2

𝑢 ) , where
𝜆𝑢 is the undulator period, 𝛾 is the beam Lorentz factor,
and 𝐾𝑢 is the undulator strength parameter. The (idealized)
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exponential growth in radiated power along the undulator
is characterized by the gain length, 𝐿g = 𝜆𝑢

4𝜋√3𝜌
, [8] with

the dimensionless Pierce parameter, 𝜌 = ( 𝐼𝑒𝐾2
𝑢 [JJ]2

16𝐼𝐴𝛾3
0𝜎2

𝑥𝑘2
𝑢
)

1/3
,

where [JJ] is a Bessel-function dependent parameter that
is near unity for 𝐾2

𝑢 < 1, 𝐼𝑒 is the beam current, 𝐼𝐴 is the
Alfvén current ≈ 17.045 kA, 𝑘𝑢 = 2𝜋/𝜆𝑢, and the trans-
verse beam rms spot size is 𝜎𝑥. All else held equal, the linac
length scales with √𝜆𝑢 and the required undulator length,
linearly proportional to 𝐿g, scales with 𝜆5/6

𝑢 , which clearly
motivates the desire to reduce the undulator period while
not compromising on its strength.

However, a consequence of reducing the beam energy
and undulator period is that more stringent requirements are
set on the beam quality [9, 10]. By cryogenically cooling
a C-band, normal-conducting copper photoinjector, higher
launch fields can be supported, as well as reducing the ther-
mal emittance, both of which contribute to the production
of beams much brighter than those available from current
FEL guns [11–13]. By using cryocooled copper linac seg-
ments, combined with an advanced rf distribution manifold
design [14], the linac can provide accelerating gradients in
excess of 125 MV/m, signficantly higher than the gradients
in existing XFELs, further reducing the UC-XFEL footprint.

Finally, it is vital to preserve the quality of these high
brightness beams through their transport and, crucially, their
compression to the high current levels required for efficient
FEL operation. These beams are very susceptible to degrada-
tion by coherent synchrotron radiation (CSR) in conventional
chicane compression so UC-XFEL relies on an advanced
compression technique: inverse free-electron laser (IFEL)
bunching [15]. In IFEL compression, the electron bunch is
copropagated through a wiggler with a laser pulse, introduc-
ing periodic energy modulations, which can be transformed
into a train of current spikes by a dispersive element. Such an
approach suppresses collective effects which would degrade
the beam quality in conventional compression.

DEMONSTRATOR FELs
Four of the technologies that enable the UC-XFEL are:

1. A cryogenic, high field photoinjector;

2. Cryogenic, manifold coupled linac segments;

3. IFEL compression;

4. A cryogenic, short period undulator.
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Table 1: Summary of Technology Overlap (Indicated with Bold Text), Parameters, and Simulated FEL Performance for the
Visible FEL, EUV FEL, and SXR UC-XFEL

Parameter Visible FEL EUV FEL SXR UC-XFEL

Photoinjector Cryogenic C-band 1.6-cell Existing S-band hybrid Cryogenic C-band 1.6-cell

Acceleration 1 × ∼1 m cryogenic 3 × ∼1 m cryogenic 8 × 1 m cryogenic
C-band linac section C-band linac section C-band linac section

Compression Chicane or IFEL Velocity bunching and CSR compensating chicane
long wavelength IFEL pair and IFEL

Undulator Room temperature, Cryogenic, Cryogenic,
conventional short period short period

Footprint 12 m 18 m 40 m
Budget $3M $12.5M $40M

Energy [MeV] 90 300 1000
Energy spread [%] 0.02 0.05 0.1
Total beam charge [pC] 100 100 100
Peak current [A] 200 1500 4000
Emittance [nm-rad] 60 400 70

Undulator period [mm] 20.6 6.5 6.5
Undulator field [T] 0.54 1 1
Undulator length [m] 2 4 4

Radiation wavelength [nm] 520 11 1
Radiation energy [eV] 2.4 110 1200
Gain length [m] 0.12 0.23 0.21
Peak power [MW] 160 170 25000

In this work, we detail two approaches for testing subsets
of these elements given constraints on budget, footprint, and
funder priorities. The first of these approaches is a visible
FEL predicated on a $3M grant emphasizing cryo-RF devel-
opment while the second is an EUV FEL based on a $12.5M
grant with an emphasis on using proven systems. These
two cases are discussed in detail below and summarized in
Table 1 (with results based on GENESIS simulations [16]),
highlighting the overlap between each case and the SXR
UC-XFEL.

Visible FEL
For the $3M visible FEL (see Fig. 1), based on funder

preferences, the project is most appealing if considerable
effort is put towards developing cryo-rf elements. This, com-
bined with the relatively limited budget, results in a project
that employs the same cryogenic C-band gun as would be
used by the SXR UC-XFEL as well as the cryogenic C-band
linac, albeit only one section for cost savings. However, the
considerable expense of fabricating the short period undula-
tor does not fit within this budget or prioritization so, instead,
an existing, conventional undulator will be used. Specifi-
cally, the undulator from [17,18], which was used in the first
demonstration of a SASE FEL, is available for use at UCLA.
This undulator, combined with the 90 MeV electron beam
resulting from a single accelerating section, lases in the visi-
ble spectrum at 520 nm. Despite this mundane wavelength,

Figure 1: Plots showing the peak power (blue) and instanta-
neous gain length (orange) for GENESIS simulations of the
visible FEL detailed in Table 1, but with the virtual undulator
extending to 2.5 m to illustrate saturation. The shaded area
corresponds to one standard deviation based on 16 SASE
averaged runs.

the FEL will still serve as an extremely sensitive test of the
coherent combination of all the other beamline components.

For the modest compression required by this application
(10×), both conventional compression and IFEL compres-
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sion are adequate. The beamline will be configured to allow
both approaches to be used and contrasted. Resistive wall
wakefields in the anamalous skin effect regime [19] must
be considered for the full UC-XFEL but, due to the larger
undulator gap and lower beam current, they will not be as
impactful for this FEL. However, in addition to the FEL, we
will directly characterize these effects using an adjustable,
cryogenic, parallel plate setup.

As presently described, the visible FEL will not saturate,
due largely to diffractive effects which arise from the long las-
ing wavelength [9, 10]. We are considering multiple options
which will cause the FEL to saturate more rapidly includ-
ing: higher compression factors, operating at different beam
energies, or introducing waveguides into the undulator [20].

EUV FEL
For the $12.5M EUV FEL (see Fig. 2), the design is di-

rected by the program solicitation which encourages bold
projects but does not support science or engineering research
beyond the validation of operational readiness. With this
guidance to reduce technology risk, the EUV FEL design
relies exclusively on demonstrated technologies. In particu-
lar, although the principles of the high-gradient, cryogenic,
C-band photoinjector have been explicated in detail [13], a
functioning device has not been demonstrated. Therefore,
an existing, state-of-the-art S-band hybrid photoinjector [21]
serves as the electron source in this FEL design.

An additional constraint on this FEL design is the avail-
able space in the SAMURAI lab: the total beamline cannot
exceed a length of 18 m. This led to the choice to use three,
one meter cryogenic C-band linac sections, yielding a final
energy of 300 MeV. This has the added benefit of serving
as a “string test” to explore how devices which have been
tested in isolation work together. The undulator for this FEL
is a 4 meter, 6.5 mm period, cryogenically cooled undulator,
like that demonstrated by [6]. An industrial partner has con-
firmed their willingness to produce this undulator for a price
that fits within the project’s budget. An added benefit of this
approach is that this undulator is the same as that required by
the SXR UC-XFEL, providing a clear trajectory for future
upgrades. With the 300 MeV beam, this FEL will lase in the
EUV at 11 nm. This wavelength, long relative to the SXR’s
1 nm, leads to some additional challenges for this laser aris-
ing from slippage. Due to the highly constrained footprint,
there is not space for substantial conventional compression,
so the design relies on velocity bunching in the hybrid gun
paired with IFEL compression. To mitigate the effects of
slippage, the design employs a longer IFEL bunching wave-
length: 40 µm vs SXR UC-XFEL’s 10 µm.

DISCUSSION
The UC-XFEL is an extremely promising concept, ex-

pected to deliver x-ray free-electron laser performance at a
fraction of the price and footprint of existing XFELs. Al-
though it is based on principles which are well established, it
requires the careful integration of these subsystems. There-

Figure 2: Plots showing the peak power (blue) and instanta-
neous gain length (orange) for GENESIS simulations of the
EUV FEL detailed in Table 1. The shaded area corresponds
to one standard deviation based on 16 SASE averaged runs.
The large variation in shot-to-shot power is due to the high
degree of slippage causing it to operate near single-spike
mode.

fore, a staged approach to implementation may be valuable.
To that end, this work presents two specific pathways this
incremental approach may take. The first option is a visible
FEL based on a $3M grant and focuses heavily on the de-
velopment of cryogenic rf components, notably including
the construction of the photoinjector which would be used
for the full UC-XFEL. The second option is an EUV FEL
based on a $12.5M grant which limits technology risk and
instead focuses on integrating the demonstrated elements of
the UC-XFEL. In particular, this would involve partnering
with industry to produce the full, cryogenic, short-period
undulator which would be required for the full UC-XFEL
while relying on an existing S-band photoinjector as the elec-
tron source. Both cases would contribute substantially to
the practical implementation of the UC-XFEL and would
also acquire equipment that would be directly used in the
final system.
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