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The continuouswavelength tunability of free-electron lasers (FELs) offers significant potential for research
across various scientific fields. The Dalian Coherent Light Source (DCLS), when operating in the high-gain
harmonic generation (HGHG) mode, has demonstrated wavelength tuning capability within the vacuum
ultraviolet (VUV) range of 50–150 nm. To address diverse experimental demands, it is imperative to have the
capability of fast wavelength switching and scanning. This study presents three wavelength tuning strategies
experimentally implemented at DCLS, each characterized by specific tuning ranges and resolutions: (i) full-
range continuous wavelength switching over 50–150 nm, typically requiring more than 2 h; (ii) wide-range
coarsewavelength scanning with approximately 20%variation within several minutes; and (iii) narrow-range
fine wavelength scanning with a range of about 0.44% and a scanning resolution of 0.01% in less than 1 min.
Each strategy has its own advantages and limitations, and their combination significantly enhances the
flexibility of wavelength manipulation at DCLS, accommodating diverse user requirements.
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I. INTRODUCTION

Free-electron lasers (FELs), characterized by their high
power, narrow bandwidth, short pulse duration, and con-
tinuous wavelength tunability, have emerged as essential
tools for advanced scientific research and offer significant
potential for applications in fields such as energy science,
chemistry, biology, materials science, and extreme ultra-
violet lithography. At present, numerous high-gain FEL
facilities have been proposed, are under construction, or
have already been commissioned worldwide, such as Free-
electron LASer in Hamburg (FLASH) [1] in Germany,
Linac Coherent Light Source II (LCLS-II) [2] in the United
States, Free Electron laser Radiation for Multidisciplinary

Investigations (FERMI) [3] in Italy, European X-ray Free
Electron Laser (European XFEL) [4] in Germany, Shanghai
Soft X-ray Free Electron Laser (SXFEL) [5], Shanghai
HIgh repetitioN rate XFEL and Extreme light facility
(SHINE) [6], Shenzhen Superconducting Soft X-ray Free
Electron Laser (S3FEL) [7], Dalian Advanced Light Source
(DALS) [8], and Dalian Coherent Light Source (DCLS)
[9,10] in China. These facilities cover a broad spectral
range from the vacuum ultraviolet to hard x-rays and are all
capable of continuous wavelength tuning. These facilities
operate primarily in either the self-amplified spontaneous
emission (SASE) mode [11,12] or seeding mode [13,14]. In
the SASE mode, FEL radiation originates from electron
beam shot noise, typically resulting in a broader bandwidth
and reduced pulse stability. In contrast, seeding mode offers
a narrower bandwidth but is significantly affected by the
slice energy spread of the electron beam and is limited to
harmonic conversion orders, restricting its extension into
the hard x-ray regime.
Despite these inherent limitations, the continuously tun-

ablewavelength characteristic of these FEL facilities remains
a core advantage, significantly enhancing their potential for
scientific applications, especially in the vacuum and extreme
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ultraviolet regions. For instance,wavelength scanning allows
measurements of the photoionization efficiency (PIE) curve
and resonance-enhanced multiphoton ionization spectra of
radicals [15], thereby facilitating the detection of reactive
intermediates in catalytic processes. Similarly, the reflectiv-
ity and transmissivity curves of material samples can be
measured as functions of the FELwavelength, to reveal their
fundamental optical properties [16]. Additionally, finewave-
length scanning over a small range also enables accurate
measurements of absorption edges, providing insights into
the electronic structure and local coordination environments
of the constituent atoms, thus supporting the design of
advanced optical devices and novel materials [17,18].
Furthermore, molecular photochemistry can be studied by
scanning the wavelength to measure molecular absorption
spectra, clarifying photochemical reaction pathways relevant
to fundamental research in atmospheric and interstellar
chemistry [19,20]. Driven by these needs, extensive efforts
have been made across FEL facilities to develop wavelength
switching and scanning techniques. For example, Shanghai
Deep Ultraviolet Free Electron Laser (SDUV-FEL) [21] can
be continuously tuned from 350 to 800 nm by adjusting
the undulator gap, seed laser wavelength, dispersive sec-
tion strength, and beam trajectory. FERMI [22] has also
conducted wide-range wavelength scanning across the
30–60 nm range by simultaneously adjusting the undulator
gap, seed laser wavelength and power, time delay, and
dispersive section strength. Meanwhile, the transmission
measurements of Germanium were performed as a function
of FEL wavelength. In addition, FERMI employed two
distinct approaches to perform fine wavelength scanning
within a narrow range. In the first method [22], the seed laser
wavelength was incrementally changed by about 1 nm in
total,with steps of approximately 0.1nm,while theundulator
gap was finely adjusted to satisfy the optimal resonance
condition. Using this approach, the wavelength was scanned
between 52.08 and 52.32 nm, during which the helium
absorption edge was measured. The second approach [23]
relies on adjusting the delay between the seed laser and the
electron beam, thereby changing the beam lasing slice. Since
the energy chirp differs along the beam, small-range wave-
length scanning can be achieved. FLASH [24,25] has two
undulator lines named FLASH1 and FLASH2. FLASH1
employs fixed-gap undulators, while FLASH2 operates with
variable-gap undulators. Consequently, FLASH1 relies on
adjusting the electron beam energy for wavelength tuning,
while FLASH2 conducts wavelength tuning by adjusting the
undulator gap. At Deep Ultra Violet FEL (DUV-FEL)
[26,27] in Brookhaven National Laboratory (BNL), fine
wavelength scanning is achieved by adjusting the radio-
frequency (rf) phase and amplitude of the last accelerating
structure, thereby modifying the beam energy chirp. As the
phase is shifted from−45° toþ25° relative to the crest phase,
the wavelength changes from 263.4 to 266.1 nm, covering a
tuning range of about 1%.

This article provides a comprehensive overview of the
FEL wavelength tuning strategies at DCLS. Based on the
HGHG mode, DCLS has been operating in the vacuum
ultraviolet (VUV) region of 50–150nmsince its first lasing in
2016. As a user facility, it is expected to provide wavelength
tuning capabilities to meet diverse experimental require-
ments regarding tuning range, efficiency, and resolution. To
address these demands, three tuning methods have been
implemented, including the full-range continuous wave-
length switching, the wide-range coarse wavelength scan-
ning, and the narrow-range fine wavelength scanning. The
switching method covers the entire 50–150 nm range and is
primarily employed for switching between user experiments
ormeasurement systems that require largewavelength shifts.
The wide-range coarse scanning and narrow-range fine
scanning methods are primarily applied in user experiments
requiring point-by-point scans within a limited wavelength
range, enabling rapid scanningwhile maintaining stability in
pulse energy and spectral characteristics. These three
approaches collectively constitute the wavelength tuning
strategy at DCLS and are described in detail as follows:
Sec. II provides a comprehensive description of the DCLS
facility, Secs. III–V present the principles and experimental
results of the three wavelength tuning methods, and Sec. VI
presents the conclusions.

II. DALIAN COHERENT LIGHT SOURCE

Dalian Coherent Light Source, with a total length of
approximately 150 m, comprises three main sections: the
electron linear accelerator (LINAC), the FEL amplifier, and
the photon beamlines with experimental stations, as illus-
trated in Fig. 1. The electron beam is generated, accel-
erated, and compressed in the LINAC, ensuring that the
beam energy, bunch length, and beam quality meet the
stringent requirements for FEL lasing. The FEL amplifier
mainly consists of modulator undulators (Mod), dispersion
sections (DS), and radiator undulators, including planar
permanent magnet undulators (PMUs) and elliptically
polarized undulators (EPUs), to generate FEL pulses. At
the end, the photon beamlines deliver the generated FEL
pulses to the experimental stations for scientific research
and simultaneously enable pulse diagnostics.
The LINAC contains two functional sections: an injector

and a main accelerator. The injector primarily consists of a
photocathode standing-wave electron gun [28] and a 3-m-
long accelerating structure (A0). The copper cathode of the
gun is illuminated by a drive laser, generating an electron
beam with a bunch charge of 500 pC via the photoelectric
effect [29]. The beam is accelerated to approximately 5 and
50MeVat the exit of the gun and A0, respectively. The main
accelerator consists of six S-band accelerating structures
(A1–A6) operating at an rf frequency of 2.856 GHz, one
X-band decelerating structure operating at 11.424 GHz, and
a bunch compressor (BC) composed of four dipole magnets.
The beam is accelerated off-crest with a positive rf phase in
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A1 andA2 to introduce a positive energy chirp, and the bunch
length is therefore compressed to about 0.6 ps after BC.
Moreover, an X-band decelerating structure is employed at
the entrance of the BC to linearize the beam energy chirp and
achieve linear bunch compression, resulting in a flatter
longitudinal phase space and a peak current of 300 A [30],
thereby increasing the FEL pulse energy and narrowing the
FEL bandwidth [31]. Afterward, the beam is accelerated off-
crest with a negative rf phase in A3 and A4, thus providing a
negative energy chirp to counteract the remaining positive
one. Subsequently, the beam is boosted to 300MeVinA5 and
A6, which operate at the crest rf phase and are powered by a
microwave klystron (K4). The electron beam parameters at
the LINAC exit are listed in Table I.
As shown in Fig. 1(b), the beam switchyard distributes

the electron beam into two undulator lines named FEL-1
and FEL-2 bunch by bunch with beam quality remaining
essentially unchanged [32]. FEL-1 employs six PMUs [33]
and thus can only generate linearly polarized radiation
pulses in the horizontal direction, whereas FEL-2 uses four
EPUs [34,35] that can produce pulses with variable
polarization, such as linear, circular, and elliptical polari-
zation. Both FEL lines operate in the HGHG mode,
covering the VUV wavelength range of 50–150 nm with
a pulse energy of 100 μJ and an FWHM pulse length of

FIG. 1. Layout of Dalian Coherent Light Source. (a) Linear accelerator (LINAC), (b) FEL amplifier comprising FEL-1 and FEL-2
undulator lines, (c) photon beamline and experimental stations (ES).

TABLE I. Key parameters of DCLS.

Parameter Value Unit

Electron beam
Energy 300 MeV
Energy spread 0.1 %
Bunch charge 500 pC
Peak current 300 A
Bunch length (RMS) 0.6 ps
Normalized emittance 1–2 mm-mrad
Repetition rate 20, Max: 50 Hz

Seed laser
Wavelength 240–360 nm
Pulse duration (FWHM) 1 ps
Peak power 100 MW

Undulator (Mod/PMU/EPU)
Period length 50=30=30 mm
Module length 1=3=3 m

FEL radiation
Wavelength 50–150 nm
Pulse duration (FWHM) ∼1 ps
Pulse energy 100 μJ
Polarization (FEL-1=2) Linear/variable

(linear to circular)
� � �
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1 ps. These parameters are also summarized in Table I. The
FEL wavelength tuning in HGHG mode should simulta-
neously satisfy Eqs. (1) and (2) [36].

λFEL ¼ λu
2γ2

�
1þ K2

2

�
ð1Þ

λFEL ¼ λseed
n

ð2Þ

Equation (1) defines the FEL resonance condition, where
λFEL, γ, λu, and K represent the FEL wavelength, the
relativistic Lorentz factor of the electron beam, the undu-
lator period, and the undulator parameter, respectively.
Equation (2) implies that the external seed laser wavelength
λseed needs to be an integer multiple of the FEL wavelength,
where n denotes the harmonic number.
Once the FEL pulses are produced, the photon beamlines

deliver them to the experimental stations for scientific
research and perform in situ diagnostics simultaneously.
DCLS consists of two photon beamlines, both featuring
nearly identical layouts, as depicted in Fig. 1(c). Each
beamline comprises key optical components, including a
toroidal mirror (M1) for focusing, a variable-line-spacing
plane grating (VLSPG) spectrometer for online FEL spectral
diagnostics [37], and several plane mirrors (M2/M3/M4) for
precise FEL beamdelivery to different experimental stations.
Additionally, each beamline is equipped with a comprehen-
sive suite of optical diagnostic devices, such as beam-
defining apertures, intensity monitors, photodiodes, beam
position monitors, and gas cells [38]. Among these, the PD
and the VLSPG spectrometers are employed in our wave-
length tuning experiments to measure the FEL pulse energy
and diagnose the spectral characteristics, respectively.

III. FULL-RANGE CONTINUOUS
WAVELENGTH SWITCHING

As a user facility, DCLS is designed to provide full-range
wavelength tunability covering 50–150 nm to fulfill diverse
experimental wavelength requirements. As illustrated in
Fig. 1(b), theFEL-1 amplifier is composed of three segments,
including a modulator (Mod) segment, a dispersive section
(DS), and a radiator segment comprising 6 PMUs. In the
modulator segment, the electron bunch and the seed laser
pulse encounter and interact in a short undulatorwith a period
length of 50 mm and a total length of 1 m, where the seed
laser wavelength, as shown in Eq. (2), is set to an integer
multiple n of the target FEL wavelength. According to
Eq. (1), when the seed laser wavelength, the strength of the
undulator, and the bunch energy satisfy the resonance
condition, the seed laser imposes an energy modulation into
the bunch. Subsequently, the energy-modulated bunch
undergoes density modulation in the dispersive section,
forming microbunching at intervals equal to the seed laser
wavelength, resulting in a strong harmonic density

component. Finally, the density-modulated bunch enters
the radiator, and the PMU’s gap is adjusted to satisfy the
FEL lasing resonance condition in Eq. (1), thereby generat-
ing FEL pulses at the target harmonic wavelength.
To produce FEL pulses of 50–150 nm in HGHG mode,

the external seed laser is designed to operate in a broad
wavelength range of 240–360 nm. Due to the limited
spectral coverage of a single crystal system, three distinct
seed laser operation modes are employed at DCLS,
corresponding to the wavelength bands of 240–267 nm,
265–300 nm, and 285–360 nm, as shown in Fig. 2(a). To
provide a clear quantitative summary of the tuning capa-
bilities enabled by these configurations, the FEL wave-
length ranges accessible via the second to fifth harmonics
for each mode are presented in Table II. The combination of
these three seed laser modes enables continuous FEL
tuning over the full 50–150 nm range through harmonic
generation. In the 240–267 nm band, the 800 nm Ti:
sapphire laser is first combined with the signal from the
TOPAS optical parametric amplifier, and the resulting laser
(SFS) from sum-frequency generation is subsequently
subjected to second-harmonic generation (SHG), named
the SHSFS scheme. For the 285–360 nm band, the signal
output undergoes second-harmonic generation, and the
resulting laser (SHS) is subjected to another SHG process,
named the SHSHS scheme. In the intermediate 265–
300 nm band, the idler from the TOPAS is combined with
the 800-nm fundamental via sum-frequency generation,
followed by SHG, named the SHSFI scheme. These
tailored schemes enable flexible and efficient generation
of ultraviolet seed pulses across the entire required wave-
length range for HGHG operation.
To switch the FEL wavelength from 150 to 50 nm at

DCLS, four main steps are required, as illustrated in Fig. 3.
According to Table II, 150 nm corresponds to the second

FIG. 2. Full-range continuous FEL wavelength switching at
DCLS. (a) Three seed laser wavelength bands within the range of
240–360 nm. (b) Measured FEL spectra covering the full range of
50–150 nm, with intervals of about 15 nm.
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harmonic of 300 nm belonging to the SHSHS scheme or the
SHSFI scheme, while 50 nm corresponds to the fifth
harmonic of 250 nm belonging to the SHSFS scheme.
The first step is to switch the seed laser to the 240–
267 nm band. This process primarily involves replacing
nonlinear crystals to enable a different frequency conversion
scheme. Simultaneously, high-reflectivity mirror sets corre-
sponding to the target seed laser wavelength band should be
replaced. Based on prior operational experience, the delay
line is coarsely adjusted to compensate for the optical path
length difference between the two schemes. The second step
is to adjust the seed laser wavelength to 250 nm so that it
matches an integer multiple of the target FEL wavelength.
Concurrently, the magnetic strengths of the modulator and
radiator undulators are tuned according to Eq. (1), while
keeping the electron beam energy constant. Since switching
the seed laser mode in the first step alters characteristics such
as peak power, arrival time, transverse position, and spot
distribution of the seed laser, these variations affect its
interaction with the electron bunch within the modulator.
Therefore, in the third step, fine adjustments to the spatial
overlap between the seed laser and the electron beam are
made by observing their transverse distributions on the
profile screens located upstream and downstream of the
modulator. Additionally, the delay line is further optimized to
improve its temporal synchronization. Finally, the large
wavelength variation also induces distortions in the

transverse size and trajectory of the low-energy bunch,
due to changes in the strong multipole magnetic fields of
the undulators, which in turn degrade the FEL lasing
performance. To compensate for these effects, a thorough
optimization is required, including tuning the strength of the
dispersion section, optimizing the lasing trajectory and
transverse size of the bunch, and refining the temporal
and spatial overlap between the electron bunch and the seed
laser. After multiple rounds of optimization, saturated FEL
output can be achieved. However, due to the coupling among
these parameters, the overall optimization process is time
consuming and typically takes more than 2 h.
Figure 2(b) shows the measured FEL spectra covering

the full wavelength range of 50–150 nm with intervals of
about 15 nm, where each spectrum at a certain FEL
wavelength was measured by accumulating 200 consecu-
tive FEL shots. This demonstrates the capability of full-
range continuous FEL wavelength switching at DCLS.
Benefiting from the HGHG lasing mode, each spectrum
exhibits a single spike and a near-Gaussian profile with a
nearly Fourier-transform-limited bandwidth. These charac-
teristics are summarized in Table III. At shorter wave-
lengths, higher harmonics shorten the FEL pulse duration,
resulting in a broader spectral bandwidth. Additionally,
chirp and phase noise in the seed laser further contribute to
increasing the bandwidth [39,40]. These effects collectively
cause the higher-order harmonic FEL pulses to deviate
more from the Fourier transform limit.

IV. WIDE-RANGE COARSE
WAVELENGTH SCANNING

Specific user experiments conducted at DCLS, such as
the PIE curve-scanning experiments [41], need to record

TABLE III. Measured FEL spectral characteristics in the full-
range continuous wavelength switching at DCLS.

Wavelength (nm)
FWHM

bandwidth (nm)
Multiple of Fourier
transform limit

50.975 0.022 5.82
59.230 0.035 6.71
74.115 0.020 2.48
90.321 0.031 2.53
104.994 0.055 3.37
118.941 0.067 3.18
134.417 0.043 1.61
149.285 0.045 1.37FIG. 3. Four main steps for full-range wavelength switching at

DCLS.

TABLE II. FEL wavelength coverage ranges under different seed laser modes and harmonic numbers at DCLS.

Seed laser wavelength Second harmonic Third harmonic Fourth harmonic Fifth harmonic Unit

240–267 120–133.5 80–89 60–66.75 50–53.4 nm
265–300 132.5–150 88.33–100 66.25–75 53–60 nm
285–360 142.5–150 95–120 71.25–90 57–72 nm
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the ionization signal with rapid wavelength scanning across
broad spectral ranges. It takes minutes to scan within
approximately �10% of the center wavelength at DCLS.
Throughout the FEL wavelength tuning process, the FEL

resonance condition defined in Eq. (1) should be satisfied
[36]. It involves three variables, among which the undulator
period λu is fixed. Therefore, FEL wavelength tuning can
be achieved by adjusting the undulator parameter K, the
electron beam energy E (i.e., the relativistic Lorentz factor
γ), or both. The wavelength switching in the full-range
method described in Sec. III was accomplished by adjust-
ing multiple undulator strengths, whereas in the wide-range
scanning, it was achieved more rapidly by varying only the
beam energy via the K4 klystron, since the FEL photon
energy range is just about one-tenth that of the former.
Additionally, along with these adjustments, the beam size
and trajectory should be controlled to obtain optimal FEL
lasing performance. Unlike the full-range switching, which
involves dozens of quadrupole and corrector magnets
throughout the undulator line, the wide-range scanning
relies on only two quadrupole magnets and two corrector
magnets (Q11, Q12, CH8, and CV8, as shown in Fig. 1)
located at the entrance of the FEL-1 undulator line to
control the beam size and trajectory.
During the scanning, three principal aspects are consid-

ered. The first one is the seed laser wavelength accom-
modation according to Eq. (2), which supports only the
same harmonic order in the scanning. The second one
involves the electron beam energy adjustment mentioned
above. Under a low-level rf closed-loop mode, the micro-
wave amplitude and phase of the klystron K4 act as two
independent variables; the beam energy can thus be
adjusted by just regulating the K4 amplitude. The last
one pertains to the beam transverse size and trajectory. Due
to the relatively short undulator line (approximately 50 m),
the transverse size and trajectory variations caused by the
change in beam energy can be effectively controlled using
the quadrupole magnets Q11 and Q12, along with the
corrector magnets CH8 and CV8 in Fig. 1, respectively.
Since DCLS operates in the VUV region with relatively
long FEL wavelength lasing, the FEL pulse characteristics
exhibit reduced sensitivity to the beam trajectory [42], so
that only two corrector magnets, CH8 and CV8, are valid to
control the beam trajectory in the DCLS wide-range
wavelength scanning. Through this method, the number
of optimized variables is reduced from dozens of param-
eters in the full-range switching to just 7, thereby reducing
the manipulation complexity, shortening the wavelength
tuning period to the order of minutes, and realizing the
wavelength scanning.
Additionally, to evaluate the transverse beam size con-

trol, the beta function variations along the undulator line
were theoretically simulated using the Methodical
Accelerator Design (MAD) code [43]. According to the
FEL resonance condition in Eq. (1), to change the FEL

lasing wavelength by 20%, the beam energy should be
tuned by 10%, as expressed in Eq. (3).

ΔλFEL
λFEL

¼ −2Δγ
γ

ð3Þ

The nominal DCLS beam energy is 300 MeV, which
implies that the required beam energy should be reduced to
270 MeV. The beta functions along the undulator line were
evaluated under this change in beam energy, as shown in
Fig. 4. Figure 4(a) illustrates the magnet lattice, where the
green and orange blocks represent the quadrupole and dipole
magnets, respectively. The quadrupole magnets Q11 and
Q12, which are used to control the beam size, are located at
the beginning of the lattice. The beta functions at the nominal
beam energy of 300MeVare shown in Fig. 4(b). They form a
FODO cell in the undulator section (i.e., 23–46 m in the
lattice), and their average values are βx ¼ 20.30 m and
βy ¼ 20.27 m. When decreasing the beam energy from
300 to 270 MeV and maintaining all magnet strengths
unchanged, significant variations in the beta functions
within the undulator section occur, as shown in Fig. 4(c).
The resulting average horizontal beta function increases to

FIG. 4. Wide-range coarse FEL wavelength scanning at DCLS.
(a) Magnet lattice of the FEL-1 undulator line starting from Q11
to Q12. (b) Beta functions at the nominal beam energy of
300 MeV. (c) Beta functions at the beam energy of 270 MeV
with all magnet strengths unchanged. (d) Beta functions at the
beam energy of 270 MeV with Q11 and Q12 optimized.
(e) Measured FEL spectra from 120 to 150 nm with peak-to-
peak FEL pulse energy variation within 4%.
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βx ¼ 22.60 m (þ11.33%), while the vertical beta function
decreases to βy ¼ 13.62 m (−32.81%). To restore the beta
functions to their initial FODO configuration and thereby
improve FEL radiation performance, the quadrupole mag-
nets Q11 and Q12 were adjusted. The optimization was
performed to minimize the relative change in the geometric
mean of βx and βy with respect to their initial values, while
also keeping their individual variations as small as possible.
The corresponding results are shown in Fig. 4(d). Compared
to the 300-MeV reference configuration, the vertical beta
function βy decreases from 20.27 to 20.08m (−0.94%). Due
to the limited sensitivity of Q11 and Q12 to the horizontal
beta function, βx increases from 20.30 to 23.01 m
(þ13.35%), leading to an estimated 5% reduction in the
FEL saturation energy according to the Xie-Ming formula
[44], which demonstrates that wavelength scanning within
�10% has a negligible impact on FEL lasing performance.
Following these configurations described above, a�10%

wide-range FELwavelength scanning from 120 to 150 nm in
0.3-nm intervals was demonstrated at DCLS. Some of the
spectra separated by about 5 nm are presented in Fig. 4(e).
The corresponding spectral characteristic parameters and
FEL pulse energies are detailed in Table IV. The key FEL
lasing parameters remain almost unchanged during the entire
scanning process; each spectrum maintains a single-spike,
near-Gaussian profile with an FWHM bandwidth of about
0.07 nm. The corresponding FEL pulse energy at each
wavelength, averaged over 600 pulses measured within
1 min, remains approximately 420 μJ. The rms jitter of
the pulse energy at a fixedwavelength is approximately 25%,
primarily resulting from fluctuations in the LINAC rf power
and phase, variations in the energy, arrival time, and trans-
verse position of the drive laser and seed laser, as well as
magnetic field instabilities. The peak-to-peak FEL pulse
energy variation, calculated from the maximum and mini-
mum pulse energy values at approximately 100 wavelength
points between 120 and 150 nm with 0.3-nm intervals,
remained below 10%, demonstrating excellent stability
during wavelength scanning.
As a practical application, the user experiments of PIE

curve measurements were conducted by using the afore-
mentioned wide-range wavelength scanning method. As
shown in Fig. 5(a), the PIE curve of the neutral B9 cluster

was measured with the wide-range scanned FEL pulses and
a reflection time-of-flight mass spectrometer [41], which
identified the first and second ionization potentials (IP1 and
IP2) of the B9 cluster at 8.45� 0.02 and 9.61� 0.02 eV,
respectively. This work resolves the long-standing chal-
lenge in neutral boron clusters by demonstrating that the
smallest three-dimensional structure of a boron cluster
consists of nine boron atoms. In addition to the neutral
boron cluster, the PIE curve of a Criegee intermediate
CH2OO was measured by using the same scanning and
detection method in the wavelength range of 115–128 nm
(9.7–10.8 eV). As shown in Fig. 5(b), the PIE curve
obtained with the FEL pulses (red dots) clearly reveals a

TABLE IV. Statistical parameters of the FEL spectra and corresponding pulse energies in the wide-range coarse
FEL wavelength scanning at DCLS.

Wavelength (nm) FWHM bandwidth (nm) FEL pulse energy (μJ) rms pulse energy jitter (%)

120.057 0.070 415.09 23.89
125.400 0.074 426.16 19.81
130.795 0.074 423.93 19.53
135.894 0.082 410.34 25.02
139.774 0.067 419.82 28.28
145.195 0.055 412.57 29.73
149.712 0.049 415.13 28.15

FIG. 5. Measured PIE curves of (a) the neutral B9 cluster and
(b) the Criegee intermediate CH2OO obtained using the wide-
range coarse wavelength scanning method at DCLS.
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sharp ionization onset near 10.0 eV, in good agreement with
theoretical predictions (blue line) and previous synchro-
tron-based experiments (open circles) [45]. These results
provide key experimental data for understanding the
ionization dynamics of CH2OO and further promote the
study of its role in atmospheric chemistry. The differences
between experimental results obtained using synchrotron
radiation and DCLS can be attributed to two primary
factors. First, the experimental conditions differ signifi-
cantly: CH2OO in the synchrotron experiment was sampled
from a flow tube reactor, whereas in the DCLS experiment,
CH2OO was generated in a molecular beam undergoing
supersonic expansion. This results in a substantially lower
rotational temperature (∼10 K) for CH2OO in the DCLS
experiment, which likely accounts for the additional
spectroscopic structure observed between 10.3 and
10.4 eV in the PIE curves. Second, the higher pulse energy
of the DCLS compared to synchrotron radiation leads to an
improved signal-to-noise ratio, resulting in PIE curves with
reduced fluctuations and enhanced spectral resolution. These
findings demonstrate that DCLS offers significant advan-
tages for trace species detection due to its high single-pulse
energy,which enablesmeasurementswith superior signal-to-
noise ratios compared to conventional synchrotron sources.
This capability is particularly valuable for studying low-
concentration intermediates and obtaining high-quality
spectroscopic data with minimal noise interference. These
findings further demonstrate the versatility and broad appli-
cability of the developed wide-range coarse wavelength
scanning method for investigating a variety of molecular
systems with diverse photon energy scanning requirements.

V. NARROW-RANGE FINE
WAVELENGTH SCANNING

In addition to the full-range switching and wide-range
scanning methods discussed above, specific user experi-
ments require narrow-range but high-resolution wavelength
scanning. For example, the absorption spectroscopy study
of the water molecule near 124.0 nm demands scanning
over a narrow range of approximately 0.2% with a fine
scanning resolution [46].
In the HGHG mode, the FEL lasing wavelength is

primarily determined by the microbunching period of the
electron beam that is formed in the modulator segment and
dispersion section. Normally, the FEL pulse is generated at
the exact harmonic of the seed laser wavelength, as
expressed in Eq. (2). However, a shift in the FEL wave-
length occurs when the beam carries a linear energy chirp
[23,31]. This effect was adopted at DCLS to achieve
narrow-range fine wavelength scanning by precisely con-
trolling the rf amplitude and phase of the K4 klystron to
regulate the magnitude of linear energy chirp while keeping
all other parameters unchanged. The principle of this fine
wavelength scanning, based on simulations using an ideal
electron beam, is illustrated in Fig. 6. The microbunching

period equals the seed laser wavelength when the electron
beam operates without energy chirp, resulting in an FEL
wavelength that strictly corresponds to the n th harmonic of
the seed wavelength. When a linear energy chirp is applied,
the microbunching period is scaled by a factor α, as
determined in Eq. (4).

α ¼ 1þ kR56; ð4Þ

where k denotes the linear correlation coefficient between
the energy chirp and the longitudinal position inside the
beam, and R56 < 0 represents the momentum compaction

FIG. 6. Schematic diagrams of narrow-range fine FEL wave-
length scanning, based on simulationsusing an ideal electron beam.
(a)–(l) Distributions without energy chirp and with a linear energy
chirp, respectively. (a),(g) Longitudinal phase space distributions
of the electron beam at the exit of the dispersion section. (b),
(h)Correspondingmicrobunchingdistributions. (c),(i)Correspond-
ing current profiles, where s represents the longitudinal position
inside the electron beam. (d)–(f) and (j)–(l) Bunching factor
distributions for harmonic numbers n ¼ 1–3, respectively.
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factor of the dispersion section. If the beam carries a positive
energy chirp (k > 0), i.e., the energy in the beam head is
smaller than that in the tail, the microbunching period is
compressed (α < 1), resulting in an increase in the corre-
sponding harmonic number, as shown in Figs. 6(j)–6(l). As a
result, a blue shift occurs in the FEL lasing wavelength.
When the energy chirp is negative, this phenomenon is
reversed, and a red shift in the FEL lasing wavelength
emerges. Therefore, given the submillimeter scaleR56 values
typical of a dispersion section, precise control of the linear
energy chirp enables narrow-range fine FEL wavelength
scanning with a scanning resolution approaching or even
below the FEL spectral bandwidth.
Precise energy chirp control was implemented by regu-

lating the rf phase of klystron K4 at DCLS, imposing a
quasilinear energy chirp on the electron beam. Meanwhile,
the K4 rf amplitude was also accommodated accordingly to
ensure that the beam energy satisfies the FEL resonance
condition in Eq. (1), as variations in the rf phase would
cause a deviation in beam energy. For electron beams with a
linear energy chirp, the FEL wavelength variation rate is
given by Eq. (4), where the linear correlation coefficient k
is expressed in Eq. (5).

k ¼ 1

E
∂E
∂z

¼ 2π

λrf

Echirp sinΔφchirp

E0 þ Echirp cosΔφchirp
; ð5Þ

where λrf denotes the rf wavelength (0.105 m for the
2856 MHz rf frequency of K4), Echirp is the crest accel-
erating energy of the K4 accelerating section, Δφchirp is the
phase offset relative to the crest accelerating phase, and E0

is the beam energy at the K4 entrance. As a result, the FEL
lasing wavelength generated by an electron beam with a
linear energy chirp can be expressed as Eq. (6).

λcFEL ¼
�
1þ 2π

λrf

Echirp sinΔφchirpR56

E0 þ Echirp cosΔφchirp

�
λseed
n

ð6Þ

Based on this theory, a fine wavelength scanning experi-
ment at the third harmonic (n ¼ 3) was performed under a
fixed seed laser wavelength of 337.3 nm at DCLS. The
results are shown in Fig. 7 and Table V. In Fig. 7(a), the
central orange spectrum corresponds to the case without
electron beam energy chirp, while the left and right ones
correspond to the cases with positive and negative energy
chirps, respectively. The spectrum shapes remain nearly
identical throughout the scanning, consistently exhibiting

FIG. 7. Results of narrow-range fine FEL wavelength scanning
at DCLS. (a) Measured FEL spectra during the scanning.
(b) Relationship between the K4 phase and the corresponding
FEL wavelength measured in the experiment (black dots with
error bars) and calculated with theoretical formula Eq. (6) (black
dashed curve), the measured FEL pulse energies (red stars with
error bars), and the measured FWHM FEL spectral bandwidth
(blue triangles).

TABLE V. Experimental conditions and results of the narrow-range fine FEL wavelength scanning at DCLS.

K4 phase (deg) K4 amplitude (%)
Measured

wavelength (nm)
FWHM

bandwidth (nm)
FEL pulse
energy (μJ)

rms pulse energy
jitter (%)

25.0 90.5 112.210 0.059 13.94 16.93
20.0 87.5 112.273 0.059 14.11 16.73
15.0 85.5 112.323 0.060 14.51 16.40
10.0 84.7 112.359 0.063 15.54 14.67
5.0 84.0 112.419 0.068 15.55 16.78
0.0 84.5 112.457 0.060 16.24 10.16
−5.0 85.8 112.503 0.061 14.33 15.28
−10.0 87.0 112.571 0.060 15.53 11.46
−15.0 88.5 112.615 0.075 14.12 15.01
−20.0 92.0 112.679 0.066 14.71 11.83
−25.0 99.0 112.708 0.070 14.72 7.81
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single-spike distributions with essentially unchanged band-
width. Figure 7(b) shows the FEL spectral characteristics
and the corresponding FEL pulse energy variation, along
with the measured and theoretical dependence of the FEL
wavelength on the K4 phase during the scanning. The black
dashed curve represents the theoretical wavelength values
calculated using Eq. (6) for different K4 phase offsets and
amplitudes listed in Table V, while the black dots represent
experimental data obtained under the respective K4 set-
tings. The results demonstrate good agreement between the
theoretical predictions and the experimental measurements.
For each phase setting, 200 consecutive FEL spectra were
recorded, and the standard deviation of the central wave-
length was calculated as the error bars. The red stars show
the FEL pulse energy variation during the scanning, and the
error bars represent the rms jitter of the pulse energy. The
blue triangles display the full width at half maximum
(FWHM) bandwidth of the FEL spectra. The pulse energy,
pulse energy jitter, and FWHM bandwidth remain stable
throughout the scanning. These results are also summarized
in Table V, with a scanning range of approximately 0.44%
and a resolution of about 0.04%, which approaches the FEL
bandwidth. Nevertheless, this narrow-range scanning
method is theoretically capable of achieving an ultrafine
resolution of 0.01% with a K4 phase variation of just 1°,
while achieving wavelength tuning in less than 1 min
enabled by its operational flexibility.

VI. DISCUSSION AND CONCLUSION

This study presents three HGHG-based FEL wavelength
tuning methods with distinct operational ranges, all of
which were experimentally implemented at DCLS to
accommodate diverse user requirements. A summary of
their respective performance is provided in Table VI. The
full-range continuous switching method enables covering
the entire operational range of DCLS (50–150 nm).
However, this approach is complex and time-consuming
as dozens of interdependent parameters need to be opti-
mized, with a typical tuning period exceeding 2 h. The full-
range switching method is primarily employed for large

wavelength shifts, such as when changing user experiments
or measurement systems, typically occurring once every
half month. However, for most experiments at DCLS, users
generally request coarse scanning and fine scanning within
a limited range, enabling rapid scanning while maintaining
stability in pulse energy and spectral characteristics. The
wide-range coarse wavelength scanning method affords
tuning within �10% of center wavelength in several
minutes. This improvement is primarily attributed to the
reduced number of regulated variables, including the
wavelength and arrival time of the seed laser, the amplitude
of klystron K4, and four magnetic field strengths. This
method avoids optimizing six undulators and dozens of
magnets, thereby significantly reducing optimization com-
plexity and time required. Both methods typically achieve a
relative wavelength tuning step of about 0.03%. The
narrow-range scanning method is different in principle
from the two above and features simpler operation. It
operates by finely adjusting the electron beam energy chirp
while maintaining a fixed seed laser wavelength, avoiding
the need for adjusting the seed laser wavelength along with
beam energy or undulator strength. At DCLS, the effective
scanning resolution is constrained by the FEL spectral
bandwidth, which is approximately 0.033%. When the
scanning step becomes smaller than the FEL bandwidth, no
distinguishable changewill occur in the user’s experimental
outcome. Therefore, the experimental scanning resolution
achieved was 0.04%, within a relative wavelength range of
0.44% and a typical scanning period of less than 1 min.
Nevertheless, the narrow-range scanning method is theo-
retically capable of achieving a resolution of 0.01% with
about 1° K4 phase variation, demonstrating its capability
for high-resolution wavelength scanning.
Collectively, these three tuning methods provide DCLS

with a comprehensive wavelength control capability, ena-
bling it to meet the wavelength switching and scanning
demands of diverse user experiments. Meanwhile, the
scanning methods show significant potential for applica-
tions in various fields, such as materials science, energy
catalysis, atmospheric science, and molecular photochem-
istry [47–50]. Furthermore, due to their advantages of fewer

TABLE VI. Summary of wavelength switching and scanning at DCLS.

Method
Wavelength
range (nm)

Relative
range (%)

Typical
resolution (%)

Typical tuning
variables

Typical number
of variables

Typical tuning
period

Full-range
switching

50–150 100 0.03 Seed laser,
undulators,
magnets

Several dozen More than 2 h

Wide-range
scanning

120–150 22 0.03 Seed laser,
beam energy,

magnets

Seven Several minutes

Narrow-range
scanning

112.210–112.708 0.44 0.01 Energy chirp Two Less than 1 min
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parameter adjustments, simplified optimization procedures,
and rapid scanning capabilities, these methods could
serve as a valuable reference for other HGHG-based
FEL facilities.
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