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X-ray free-electron lasers (XFELs) enable the exploration of matter with atomic-scale spatiotemporal
resolution. Generating radiation wavelengths below one angstrom is critical for applications such as
crystallography and Mössbauer studies. Until now, achieving the subangstrom regime has required electron
beam energies ≥ 8 GeV and undulator K parameters ≥ 1.5. In this Letter, we demonstrate the generation of
high-power subangstrom FEL radiation using a 6.2 GeVelectron beam and aK parameter around unity and
below. We show that exceptional electron beam brilliance—characterized by high peak current and low
slice emittance—compensates for the reduced undulator coupling, enabling robust lasing. The demon-
stration was carried out at SwissFEL, where the subangstrom regime has already been successfully
employed in user experiments. Our Letter paves the way for more compact and cost-effective accelerator
designs through the optimization of electron beam quality.
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X-ray free-electron lasers (XFELs) enable cutting-edge
research across structural biology, femtochemistry, and
condensed matter physics [1,2] by producing intense
femtosecond pulses at angstrom and subangstrom wave-
lengths. This radiation is generated as a high-brilliance (or
brightness) electron beam traverses an undulator, where the
fundamental wavelength λ is determined by the resonance
condition λ ¼ ðλu=2γ2Þ½1þ ðK2=2Þ� [3]. Here, λu is the
undulator period, K is the dimensionless deflection param-
eter, and γ ¼ E=ðmec2Þ is the electron Lorentz factor, with
E being the beam energy and mec2 ¼ 0.511 MeV.
Efficient FEL amplification requires strict electron beam

quality and alignment. Transversely, the normalized emit-
tance εn must satisfy ðεn=γÞ ≤ ½λ=ð4πÞ� [4], while longi-
tudinally, the uncorrelated relative energy spread σγ=γ must
be smaller than the Pierce parameter [3] (10−4 to 10−3 in the
hard x-ray regime). Furthermore, achieving high power and
short saturation lengths demands a high effective Pierce
parameter [5], which is maximized by high beam brilliance
(high peak current, low emittance, low energy spread)
combined with longer undulator periods and higher K
values. Consequently, standard XFELs operate with K
values well above unity, as lower K values reduce the

electron-photon coupling. While higher beam energies,
longer periods, and larger K values optimize FEL perfor-
mance, they inherently necessitate larger facilities with
significantly higher construction and operational costs.
There are currently five XFEL facilities worldwide that

operate in the hard x-ray regime: LCLS (USA) [6] with its
high-repetition rate upgrade LCLS-II [7], SACLA (Japan)
[8], PAL-XFEL (South Korea) [9], the European XFEL
(Germany) [10], and SwissFEL, operating at the Paul
Scherrer Institute in Switzerland [11]. Furthermore,
SHINE (China) [12] is currently under construction and
commissioning. The electron beam energies range from
around 6 GeV at SwissFEL to 17.5 GeV at the European
XFEL. To achieve a given radiation wavelength, facilities
with lower electron beam energies must operate with
shorter undulator periods. For instance, the hard-x-ray
beamline at SwissFEL utilizes undulators with a 15 mm
period, whereas the European XFEL employs a 40 mm
period. Furthermore, the requirements for normalized
transverse emittance and absolute energy spread become
increasingly stringent for facilities operating at lower
electron beam energies.
LCLS, SACLA, the European XFEL, and PAL-XFEL all

currently provide subangstrom radiation to their scientific
users. A notable example is SACLA, which reported the
production of FEL radiation at 0.73 Å (17 keV photon
energy) with pulse energies at the 10 μJ level, increasing to
approximately 50 μJ at 0.89 Å (14 keV) [8]. More recent
studies have reported pulse energies of 160 μJ at 0.83 Å
[13]. This was achieved with an electron beam energy of
8.3 GeV, an undulator beamline comprising 18 modules
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(5 m each) with a period of 18 mm, and K values of 1.5 or
higher. In contrast, LCLS, the European XFEL, and PAL-
XFEL operate with higher electron beam energies, more
extensive undulator beamlines, longer periods, and corre-
spondingly higher K values.
The subangstrom regime enables enhanced spatial res-

olution, which is critical for applications such as high-
resolution crystallography [13] and time-resolved solution
scattering [14]. Furthermore, extending the wavelength
range below one angstrom provides access to higher-energy
atomic core levels and specific excitation energies required
for nuclear resonance techniques. A prominent example is
the Mössbauer transition of the 57Fe isotope at 14.4 keV
(0.86 Å) [15,16]. Moreover, these high photon energies are
essential for pair distribution function analysis to study
local atomic structure over a wide range of materials
[17,18] and for penetrating complex sample environments
such as diamond anvil cells [19].
SwissFEL was originally designed with a maximum

electron beam energy of 5.8 GeV and an undulator period
of 15 mm to produce radiation with wavelengths down to
1 Å (12.4 keV) at a K parameter of 1.2. During the early
stages of operation, SwissFEL generated 1 Å radiation with
0.5 mJ pulse energies using a 6.2 GeV electron beam [11]
and a K parameter of approximately 1.4. Following
continuous facility-wide optimizations, we have recently
achieved pulse energies exceeding 1 mJ at 1 Å wavelength
[20]. In this Letter, we report the generation of high-
intensity FEL radiation well into the subangstrom regime at
SwissFEL. Specifically, we provide evidence for FEL
radiation at a wavelength of 0.75 Å (16.5 keV) with pulse
energies exceeding 100 μJ achieved by operating the
existing undulator at a K value below 1 with an electron
beam energy of 6.2 GeV. Furthermore, we reached pulse
energies of approximately 400 μJ at a wavelength of 0.83 Å
(15 keV) with a K value slightly above 1. This achievement
is primarily attributed to the high brilliance of the electron
beam, in particular its high peak current and small trans-
verse emittance, which enables the generation of intense
FEL radiation despite the reduced undulator coupling
inherent to the low-K regime.
This regime has already been successfully utilized in

small-molecule crystallography experiments at SwissFEL
for a radiation wavelength of 0.84 Å (14.7 keV), both in
standard and large-bandwidth [21] configuration, deliver-
ing typical pulse energies of 350 μJ (150 μJ with large
bandwidth) over a 24-hour user shift, and it is expected to
enter regular operation in the near future. Expanding the
wavelength reach of the facility significantly enhances its

scientific capacity and broadens the scope for high-energy
x-ray research.
In a broader sense, the demonstration of robust lasing in

the low K range proves that high-performance FEL
operation is achievable even with weak undulator coupling.
These results establish that electron beam brilliance can
effectively compensate for reduced coupling strength,
providing a clear roadmap for more compact and cost-
effective future facilities. By prioritizing the quality of the
electron beam over its energy, future XFEL facilities could
access the x-ray regime with significantly lower electron
beam energies. At the same time, existing facilities can
leverage this approach to extend their spectral coverage
without the need for costly linac upgrades. While the
radiation power decreases at lower K values due to the
nearly linear dependence of the power on the Pierce
parameter, a qualitative scaling argument suggests that
the photon brilliance remains approximately constant, since
the FEL bandwidth also scales almost linearly with the
Pierce parameter [1] assuming other beam parameters, such
as photon source size and divergence, to remain unchanged.
The experiments were performed at Aramis, the hard x-

ray beamline of SwissFEL [11], which is shown schemati-
cally in Fig. 1. The electron beam is generated in an rf
photoinjector, compressed using magnetic chicanes (BC1
and BC2), and accelerated up to 6.2 GeV in the linac
sections. The undulator line consists of 13 modules, each
featuring a period length of 15 mm, a total length of 4 m,
and a maximum K value of 1.8. The average β function in
the undulator is 10 m. The electron beam properties are
measured after linac 3 using a C-band transverse-deflecting
structure (TDS) [22] and transverse profile monitors based
on YAG scintillators [23,24]. Under typical operation
conditions, the FEL radiation spectrum is monitored with
a single-shot photon spectrometer [25]. However, this
device is limited to photon energies below 13 keV (approx-
imately 0.95 Å) and was, therefore, not applicable for the
subangstrom radiation studies presented here. Instead, the
average radiation spectrum was obtained from monochro-
mator scans, with the output intensity recorded by a
photodiode. The monochromator, which is located in the
Bernina experimental beamline 100 m downstream of the
undulator end, consists of a double silicon crystal system
[Si(111)] [26,27]. The monochromator bandwidth is esti-
mated to be 2 eV, and its wavelength calibration is verified
via the crystal Bragg angle. The effects due to variations in
Si(111) reflectivity and beamline transmission are negli-
gible for our measurements. The average FEL pulse energy
is measured directly with a photon gas monitor [28,29]

FIG. 1. Schematic of the SwissFEL hard x-ray line (not to scale).
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placed 50 m downstream of the undulator end.
Complementary to this, the FEL pulse energy is also
reconstructed from the observed energy loss of the electron
beam. This is achieved by recording the energy difference
between lasing-on and lasing-off conditions using a beam-
position monitor placed at a location exhibiting dispersion
30 m downstream of the undulator. The FEL pulse energy is
calculated as the product of the electron energy loss and the
number of electrons in the bunch as determined by the total
bunch charge. Finally, the FEL transverse distribution is
measured on a transverse profile monitor situated 32 m
downstream of the undulator exit.
In the following, we report on the performance achieved

for radiation wavelengths of 0.75 Å (≈16.5 keV photon
energy) and 0.83 Å (≈15 keV). The data presented include
measurements of the electron and photon beams obtained
during a single experimental shift encompassing photon
spectral measurements, pulse energies, and gain curves
(with equivalent performance consistently reproduced dur-
ing another measurement shift). The electron beam energy
was 6.18 GeVat the standard bunch charge of 200 pC. The
undulator K value was set at 1.104 for 0.83 Å and 0.956 for
0.75 Å. Below K ¼ 0.956, although a small transverse spot
characteristic of FEL radiation was still observable on
transverse profile monitors downstream of the undulator
screens, the pulse energy dropped below the measurable
threshold of the gas monitor (i.e., below 10 μJ). Starting
from an optimized machine that delivered 1 mJ pulse energy
at 1 Å wavelength [20], we gradually decreased the wave-
length to 0.75 Å. Several parameters were systematically
tuned to maximize the pulse energy for both the 0.75 Å and
0.83 Å cases, including bunch compression, electron optics,
beam tilt, undulator trajectory, K values of the individual
undulator modules, undulator taper, and phase shifters.
Pulse energies measured by the gas monitor were in the

range of 100–120 μJ at 0.75 Å and 360–380 μJ at 0.83 Å.
The independent measurement based on the energy loss of
the electron beam yielded 128� 14 μJ and 418� 43 μJ for
the respective wavelengths of 0.75 Å and 0.83 Å (derived
from five different measurements). Throughout this Letter,
reported uncertainties and error bars represent the standard
deviation of the measurements, unless otherwise specified.
Regarding systematic uncertainties, the uncertainty of the
gas monitor is estimated to be below 10%, dominated by the
measurement of the gas pressure [29], while the systematic
uncertainties of the energy loss approach (related to
dispersion, electron beam energy, and charge) are estimated
to be at the 1% level. Although the energy loss method
yields slightly higher values, the two independent methods
yield consistent results within their respective uncertainties.
Spectral measurements obtained by scanning the mono-

chromator are shown in Fig. 2. The scans consisted of about
20 points with step sizes of 2.8 × 10−4 Å and 2.3 × 10−4 Å
for radiation wavelengths of 0.83 and 0.75 Å, respectively.
At each setting, we collected 500 shots, with each scan

taking approximately 3 min. The expected central wave-
lengths calculated from the electron beam energy
(6.18 GeV) and K values (1.104 and 0.956) are, according
to the resonance condition, 0.825 and 0.747 Å. These
values are slightly lower (by less than 1%) than the
measured values (0.829 and 0.754 Å). The K values
matching the measured wavelengths are 1.111 and
0.970, with a �0.003 systematic uncertainty dominated
by the 0.1% beam energy uncertainty. The systematic
uncertainties of the nominal set values are dominated by
the error in extrapolating the existing calibration performed
for K values down to 1.2. They are estimated to be 0.011
for K ¼ 1.104 and 0.048 for K ¼ 0.956. The two methods
of determining the K values agree well, considering the
respective uncertainties. The spectral bandwidths are
approximately 0.2% (full width at half maximum,
FWHM). This value reflects the measured width of the
averaged spectrum without deconvolution, including con-
tributions from photon energy and bandwidth jitters.
Figure 3 displays the current profile and the time-

resolved or slice emittance of the electron beam measured
before energy collimator. For the emittance measurement,
we subtract an emittance resolution of 34 nm to account for
a profile resolution of 14 μm [24]. This emittance reso-
lution is calculated according to [30] as the square of the
profile monitor resolution multiplied by the electron beam
Lorentz factor (γ ¼ 12 094) and divided by the β function
at the screen during the measurement (70 m). The estimated
resolution corresponds to a maximum of 15% of the
measured emittances. As evident in the figure, the current

FIG. 2. Spectral measurements for radiation wavelengths of
0.83 Å (top) and 0.75 Å (bottom).
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profile exhibits two distinct regions: the head of the bunch
(left part of the plot) with a peak current up to 8 kA, and the
core and tail sections (center and right parts) with
a relatively constant peak current of approximately
4–4.5 kA. In standard operation, the electron beam is
typically compressed to approximately 3 kA; however,
higher compression was required for optimal performance
in the subangstrom regime. Slice emittance values are
300–400 nm at the head of the bunch and 200–300 nm
at the core and the tail. The slice energy spread was not
directly measured during these commissioning shifts.
Nevertheless, based on recent experience (see, e.g.,
Ref. [31]), it is estimated that it is approximately
1.2 MeV for 3 kA peak current, which scales to
1.6 MeV for 4 kA and 3.2 MeV for 8 kA under the
assumption of constant longitudinal emittance.
A key improvement over early SwissFEL operation

[11,30] is the enhanced ability to compress the electron
bunch significantly further without compromising slice
emittance or energy spread. The slice emittance values at
the core and tail of the electron beam are comparable to
those measured during the early stages of the project, but
with significantly higher peak currents (4 kA) than before
(1.5–2 kA). This is attributed to various improvements and
optimizations [20], particularly a lower initial electron
energy spread, achieved by reducing the longitudinal
dispersion of the laser heater chicane in the injector [32]
and the fine-tuning of many parameters (such as beam
optics) to minimize collective effects.
The measured and simulated gain curves for 0.75 Å and

0.83 Å are shown in Fig. 4. Two independent measurement
sets were collected for each wavelength. The gas monitor
provided reliable measurements for pulse energies of at
least several microjoules. The simulations were performed
with GENESIS 1.3 [33] using the electron beam parameters
measured or estimated earlier (see, e.g., Fig. 3), assuming

the K values derived from the spectral measurements. To
replicate experimental conditions, we considered 10 undu-
lator modules in the simulations instead of 13, since it was
experimentally verified during the shift that the first 3
undulator modules did not contribute to the gain, most
likely due to residual trajectory errors. Moreover, the
measurements were shifted by half a module, since the
fourth undulator module was found to contribute only
partially to the FEL process, yielding an effective active
undulator length of 9.5 modules (38 m) for the experiment.
The postsaturation taper [34] in the simulations was
optimized to maximize pulse energy similarly to the
machine configuration. The gain lengths calculated from
the first three measurement points (out of four) are 3.0 m for
a radiation wavelength of 0.75 Å and 2.7 m for 0.83 Å.
These values are in good agreement with the simulated gain
lengths calculated over the same undulator sections (includ-
ing one additional module upstream), which yield 3.2 m
and 2.7 m for 0.75 Å and 0.83 Å, respectively.
The good agreement between the measured and simu-

lated gain curves validates our characterization of the
electron beam and confirms the overall consistency of
our experimental and numerical results. In both cases, the
FEL process has reached or approached saturation. This is
indicated by the reduction of the gain toward the end of the
undulator line, marking the transition from exponential
growth to saturation. The simulated FEL pulse duration is
approximately 25 fs (FWHM), roughly corresponding to
the bunch region (see Fig. 3) with peak current ≥ 4 kA and
emittance ≤ 400 nm. However, the simulations show that
for the measured beam distribution and the assumed energy
spread scaling, the lower emittance part of the bunch
appears to dominate the FEL output despite its lower peak
current. Calculations based on the Ming Xie model [5],
accounting for emittance and energy spread deterioration
with peak current, confirm that, for our bunch charge of

FIG. 3. Current profile and slice emittance measurement of the
electron beam.

FIG. 4. Measured and simulated FEL gain curves for radiation
wavelengths of 0.75 Å and 0.83 Å.
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200 pC, a peak current of approximately 4 kAwith 200 nm
emittance corresponds to optimum performance. The
simulated maximum peak power of the FEL pulses is
approximately 30 GW for 0.75 Å and 60 GW for 0.83 Å,
which is remarkably high considering the low K values
employed in this configuration.
We have simulated the FEL performance at 0.75 Å,

varying the slice energy spread by �25% relative to the
baseline value. The gain curve and pulse energies show a
strong dependence on the slice energy spread. Notably, the
pulse energies change by an approximate factor of 2,
scaling inversely with the variations in energy spread.
This highlights the sensitivity of our operating point to
the energy spread, and hence, the importance of minimizing
the energy spread, and it confirms that our baseline energy
spread is accurate.
The transverse distribution of the FEL radiation was

characterized by measuring 50 consecutive shots on a
profile monitor located 32 m downstream of the undulator.
For a radiation wavelength of 0.75 Å, the average root
mean square transverse size across all 50 shots was 62.5�
1.6 μm in the horizontal plane and 59.1� 1.0 μm in the
vertical. The measured shot-to-shot stability shows a 7%
intensity jitter (consistent with the gas monitor data) and a
trajectory jitter of 12% and 4% of the spot size in the
horizontal and vertical planes, respectively. Comparable
stability was also recorded at the 0.83 Å wavelength.
These stability metrics are consistent with standard oper-
ation, where the worse horizontal trajectory stability arises
from the coupling of electron bunch compression to the
horizontal plane.
In conclusion, we have demonstrated the generation of

subangstrom FEL radiation at SwissFEL using a 6.2 GeV
electron beam, an undulator period of 15 mm, and a K
parameter of unity and below. This was made possible by
the generation of extremely brilliant electron beams (more
than 4 kA with 200 nm emittance or 8 kA with 300 nm),
which represent new benchmarks for electron linear accel-
erators. This operational regime has already been validated
through successful user experiments and will be made
available in future calls for proposals to broaden the
SwissFEL scientific capabilities. We plan to further
enhance this regime to achieve higher pulse energies and
shorter wavelengths by optimizing the electron beam
quality. In the midterm, this may include the utilization
of higher-charge electron beams with higher peak currents,
as this could further improve the performance according to
the Ming Xie model [5]; however, this would also introduce
stronger collective effects that could deteriorate the per-
formance. In the longer term, we plan to upgrade the rf
photoinjector to improve the overall six-dimensional beam
brilliance [35]. Additionally, we will implement K-value
calibrations specifically for the subunity regime and refine
alignment procedures to enhance operational efficiency at
these shorter wavelengths.

Our results confirm that high-brilliance electron
beams can successfully produce high-power radiation
despite the reduced coupling associated with low values.
Consequently, this Letter suggests a promising path toward
more compact and cost-effective facilities by prioritizing
electron beam quality, although a complete facility design
with rigorous modeling of saturation lengths and tolerance
studies would be required. For instance, using the 15 mm
period and K ¼ 0.97 reported here, 1 Å radiation could, in
principle, be produced with a 5.37 GeV beam—a signifi-
cant reduction compared to the original SwissFEL design
energy of 5.8 GeV. Similarly, 1 nm soft x-ray pulses could
potentially be achieved at 1.69 GeV, a considerably lower
energy than in other facilities, such as the 2.5 GeV planned
for the future S3FEL in China [36]. Additional enhance-
ments in electron beam quality, combined with short
undulator periods and low values, offer a compelling
strategy to further reduce energy requirements, thus ena-
bling a new generation of compact, high-performance x-ray
sources.
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