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Abstract: To align with the global trend of integrating synchrotron light source (SLS) and free electron
laser (FEL) facilities on one site, in line with examples such as SPring-8 and SACLA in Japan and
ELETTRA and FERMI in Italy, we actively explore FEL options leveraging the ultralow-emittance
electron beam of the NSLS-II upgrade. These options show promising potential for synergy with
storage ring (SR) operations, thereby significantly enhancing our facility’s capabilities. Echo-enabled
harmonic generation (EEHG) is well-suited to SR-based FELs, and has already been demonstrated
with the capability of generating extremely narrow bandwidth as well as high brightness, realized
using diffraction-limited short pulses in transverse planes and Fourier transform-limited bandwidth
in the soft X-ray spectrum. However, regarding a conventional EEHG scheme, the combination of the
shortest seed laser wavelength (256 nm) and highest harmonic (200) sets the short wavelength limit to
λ = 1.28 nm. To further extend the short wavelength limit down to the tender and hard X-ray region,
a vital option is to shorten the seed laser wavelength. Thanks to recent advances in high harmonic
generation (HHG), packing 109 photons at one harmonic within a few-femtosecond pulse could turn
such a novel HHG source into an ideal seeding for EEHG. Thus, compared to the cascaded EEHG,
the HHG seeding option could not only lower the cost, but also free the SR space for accommodating
more user beamlines. Moreover, to mitigate the SASE background noise on the sample and detector,
we combine the HHG seeding EEHG with the crab cavity short pulse scheme for maximum benefit.

Keywords: storage ring-based free electron laser; echo-enabled harmonic generation; high harmonic
generation source; synchrotron light source; laser seeding

1. Introduction

The synchrotron light source (SLS) is a major tool for a wide range of scientific en-
deavors, in particular because of the high pulse repetition rate it enables. To expand the
capabilities of future fourth-generation diffraction-limited (DL) SLSs, storage ring (SR)-
based FELs could constitute invaluable tools in exploring nature at the ultrasmall spatial
and ultrafast temporal scales. Compared to linac sources, SLS has a few key constraints:
long bunch length (at least a few picoseconds), large energy spread (in the order of 10−3),
and low peak current (<300 A). Because of those limitations, some form of external seeding
from a laser system is required to generate shorter coherent radiation (CR) pulses, before
one can take the full advantages of the ultra-stable (orbit motion in the level of a microme-
ter) and diffraction-limited (10 s picometer emittance) electron beam at a high repetition
rate (≥1 kHz). Echo-enabled harmonic generation (EEHG) is well-suited to SR-based FELs
(less sensitive to energy spread, and no need of any lattice change) compared to High Gain
Harmonic Generation (HGHG) and Angular Dispersion Enhanced Prebunching [1–12].
Moreover, for the EEHG approach, the maximal bunching (bn) can be achieved with the
energy modulation much smaller than nσE as required for the HGHG case, where n is the
harmonic and σE is the energy spread. From harmonic 50 to harmonic 200, only about
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30–40% decrease in the achievable bunching factor is predicted while using a reasonable
laser power for seeding. Regarding the nominal seeding via a conventional solid-state laser
system, e.g., the third harmonic of Ti:sapphire laser at the wavelength of 256 nm [1–3,13],
the shortest wavelength that can be achieved is determined by the combination of the short
seed laser wavelength of 256 nm and the highest harmonic of 200, which is difficult to
achieve, around λ = 256 nm/200 = 1.28 nm [14].

2. Results
2.1. SR-Based EEHG FEL Seeded with High Harmonic Generation

To extend the short wavelength limit down to the tender and hard X-ray region,
straightforward approaches are to increase the high harmonic above 200 and/or utilize a
seed laser with the wavelength less than 256 nm. Regarding the first option, there exist
some obstacles (e.g., the required energy modulation being too large and de-bunching
being too fast), which prevent the high harmonic from exceeding 200. Thus, finding a way
to shorten the seed laser wavelength becomes the most feasible option. One way is to
apply the cascaded EEHG scheme [13], as shown in Figure 1a, and the other is to find a
seeding source with a short wavelength [10–12], as shown in Figure 1b. The drawbacks of
the cascade scheme are not only significantly scaling up the occupancy of an SR, which is
already crowded, as well as the overall cost, but also increasing the technical challenges and
the operational complexities. Thanks to the rapid advance of the high harmonic generation
(HHG) in the spectrum region of extreme ultraviolet (EUV) and soft X-ray in the last
decade [10–12], the capability of packing more than 109 photons within a few femtosecond
pulse duration and 10−3 spectrum width at a repetition rate exceeding 5 kHz could turn
such a novel HHG source into an ideal seed (Figure 2) for the generation of CR in the
X-ray wavelengths via a conventional EEHG approach [15–25]. To mitigate the detrimental
fluctuations affecting the final EEHG bunching outcome, we choose to operate optimally
rather than overdriven during the HHG process. This reduces fluctuations to less than
5%, albeit resulting in fewer photons per pulse (109 photons per pulse). An EUV HHG
source seeding EEHG scheme could enable a compact design of the SR-based FEL toward
the tender and hard X-ray region, eliminating the need of building two cascaded EEHG
beamlines [13]. Considering the intrinsic features of the EEHG—forming multiple energy
stripes in the longitudinal phase space (LPS) via the first-stage pre-bunching then utilizing
an HGHG type of harmonic bunching in the second stage [13]—it would be ideal if one
can seed the second stage with an optimized EUV-HHG source at the shortest possible
wavelength 28.5 nm, whereas the highest peak power, a few-femtosecond pulse duration
and narrowest linewidth of 0.1–0.2 eV are simultaneously fulfilled. These HHG parameters,
including 1·109 photons per pulse, are derived from an overall photon flux of 6·1012 photons
per second at a repetition rate of 5 kHz. They can be achieved under optimally driven
conditions, a capability provided by KMLabs Inc., founded by Dr. Henry C. Kapteyn [26].
In addition, to optimize the energy-stripe formation in the LPS for maximum prebunching
under the peak power constraint of an EUV-HHG source, limited by 1·109 photons per
pulse with a 10 fs pulse duration, it is preferrable to seed the first stage with a conventional
Ti:sapphire laser at its third harmonic (256 nm) and vary the two-stage separation to
optimize the momentum compaction of the first stage (R1) [1–3], while simultaneously
mitigating the smearing effect induced with incoherent synchrotron radiation (ISR) [13].
The optical transport lines for the 256 nm seed laser of stage 1 and the EUV-HHG source
of stage 2 should be built in an ultra-high vacuum to avoid air turbulence, achieving
the required µrad-level spatial pointing jitter, which is limited by the transverse walk-off
between the seed laser and the electron bunch, not exceeding a small fraction of the beam
size [13]. As the result, one can achieve the shortest wavelength of λ = 0.34 nm. See Table 1
for details.
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Table 1. Summary of three EEHG options: conventional (named single beamline), novel seeding via
EUV HHG source (named HHG seeded EEHG), and cascaded EEHG. It includes the wavelengths
of seed laser 1 and 2 and CR output, the estimated costs, the number of photons per pulse and per
second, the spectrum bandwidth, the coherent length, the pulse duration, the spectral tunability,
the repetition rate, and the output power in average, regarding those three options for the NSLS-II
upgrade lattice. By varying the HHG pump laser wavelength (e.g., Yb 1030 nm and Ti:sapphire
800 nm) and gas type (Xenon, Krypton, and Argon) [10–12], the maximum wavelength in the HHG
seeded EEHG case can extend up to >1 nm, almost overlapping with the single-beamline EEHG. The
estimated cost does not include the portion of short-pulse crab cavity scheme.

EEHG λ1seed λ2seed λr,min Eph Cost Photon per
Pulse Photon/s Spectral

Width
Coherent
Length

Pulse Width
in FWHM

Spectral
Tunability

Repetition
Rate

Output Power
in Average

nm nm nm eV $ m s nm kHz W

single-beamline 256 256 1.28 973 1000 k 2.00 × 1010 2.00 × 1014 4.30 × 10−6 1.28 × 10−4 1.00 × 10−12 1.25–50 1.00 × 101 3.00 × 10−2

HHG seeded
EEHG

256 28.49 1.016 1219 1300 k 1.02 × 1010 5.11 × 1013 1.03 × 10−3 1.28 × 10−7 3.00 × 10−15
0.341–1.016 5.00 × 100 9.97× 10−3

256 28.49 0.341 3627 1300 k 1.44 × 109 7.18 × 1012 3.46 × 10−4 1.28 × 10−7 3.00 × 10−15 5.00 × 100 4.16 × 10−3

Cascaded EEHG 256 12.8 0.128 9727 2000 k 1.10 × 108 1.10 × 1011 4.30 × 10−7 1.28 × 10−4 1.00 × 10−12 0.125–0.5 1.00 × 100 2.00 × 10−4
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Figure 1. (a) Layout of the cascaded EEHG. (b) Layout of the EEHG seeded with an HHG source for
the second stage. Here, BM represents the bending magnets between two straights. The numbers
start from the first BM right after the stage-1 modulator.
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Figure 2. HHG EUV source spectrum [26]. At the chosen harmonic, the HHG source can be opti-
mized to suppress the neighboring harmonics (indicated by the change of the envelope from the red 
dashed line to the black dashed line in the bottom right plot). In total, 1·109 photons per pulse are 
derived from 6·1012 (optimally driven) photons/s at the repetition rate of 5 kHz [26]. 

Figure 2. HHG EUV source spectrum [26]. At the chosen harmonic, the HHG source can be optimized
to suppress the neighboring harmonics (indicated by the change of the envelope from the red dashed
line to the black dashed line in the bottom right plot). In total, 1·109 photons per pulse are derived
from 6·1012 (optimally driven) photons/s at the repetition rate of 5 kHz [26].

The reason why we choose an HHG source as the seed for the second stage of the
EEHG while still keeping the third harmonic of a Ti:sapphire laser with the wavelength of
256 nm as the seed for the first stage (Figure 1b) is because: (1) the ultimate bunching factor
is mainly determined by the energy modulation of the first stage relative to the energy
spread (denoted A1), thus, the required power of seed laser 1 can be quite high and likely
needs to achieve an A1 substantially greater than one (only Ti:sapphire can meet those
requirements); and (2) the energy modulation of the second stage is quite similar to the
HGHG [27–30] in the sense that they both require fine tuning to maximize the bunching
factor regarding a specific harmonic.

However, the HHG laser pulse is very short, only a few femtoseconds, compared to the
20 picosecond electron, and the corresponding self-amplified spontaneous emission (SASE)
background noise, akin to the conventional synchrotron background, can be problematic
as it accumulates across the entire electron bunch. Hence, one must carefully examine
the enhancement factor, which is defined as the ratio of the signal from pre-bunched
electron portion coherently radiating and the noise obtained by integrating the SASE
background across the entire electron bunch. The following issues need to be addressed
and well understood:

(1) The effective peak power of an HHG pulse PHHG can be calculated via the following
equation:

PHHG = N1·Eph/δt,FWHM. (1)
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It equals the number of photons per pulse, N1, timing photon energy, Eph, then being
divided by the temporal pulse duration in FWHM δt,FWHM.

(2) The transmission efficiency of an EUV pulse from the HHG source point to the
second stage seeding position in the EEHG setup (ηtransmission) can be estimated as:

ηtransmission = T·ηtrans, mod. (2)

The total reflectivity of two EUV mirrors at the HHG seed wavelength equals to
T = R2, around 30% [13]. In an overly optimistic case, one could directly send an HHG
pulse into the modulator, with T being closer to 100%. The transverse matching between
the seed laser and the FEL mode profiles determines the overlapping efficiency, which
could be optimized with ηtrans, mod close to 100%. The HHG source can be focused down to
a few microns [26], which is close to the electron beam size in modulator 2. The longitudinal
laser-electron overlap could be achieved by tuning the laser timing, as an example, using
a vector modulator, while observing laser and undulator pulses with a streak camera.
The transverse overlap could be controlled with motorized laser mirrors at the optical
transport line. A primary indication of successful laser–electron interaction could be the
coherent emission observed at a dedicated dipole beamline with a Schottky diode [31]. This
phenomenon arises from the energy-modulated electrons forming sub-picosecond current
spikes in the longitudinal charge distribution, thereby generating broadband THz radiation
similar to equally short bunches. As an example, while the FLASH setup was constrained
by existing configurations, due to space restrictions of the facility, the HHG source was
located below the laboratory floor level, thus, its optical transport line utilized more mirrors
(totaling six) than necessary, resulting in a significant loss of around 95% [32,33]. In contrast,
we are currently in the early stage of conceptual design. This allows us the opportunity to
optimize the transport line optics with fewer mirrors, while still ensuring effective overlap
between the seed laser and electron beam. Consequently, we anticipate a much higher
transfer efficiency compared to the HHG seeding case at the FLASH facility. Furthermore,
by shortening the period, and consequently the length, of modulator 2 (see details of
modulator-2 parameters later in this section), we can mitigate the impact of HHG source
divergence. The overall transmission efficiency ηtransmission, which is the product of the total
reflectivity and overlapping efficiency, are assumed to be close to 100%. It is highly possible
that with the future progress on the peak power and bandwidth of the HHG source, the
stringent requirement of ηtransmission could be further relaxed and well fulfilled.

(3) The spectrum also limits the fraction of photons per HHG pulse that can be used
for seeding the second stage, adding another factor, ηSBW . This quantity may be large, since
it is possible to optimize the HHG source to have the majority of the pulse energy in a small
number of harmonics. We do not take the neighboring harmonics into account, although
they might still be useful for the modulation if the modulator is sufficiently short. Thus, it
is possible to have the following [26]:

ηSBW ≈ 1. (3)

(4) Combining these effects, the available power in the EUV for modulating the beam
is the following:

Pavail = PHHG·ηSBW ·ηtransmission. (4)

Shown as the red curve in Figure 3, this quantity must exceed the required seed laser-2
power (black curve) predicted using the EEHG optimizer, a tool implemented in our early
studies [1], with the optimized stage-1 energy modulation and momentum compaction
of chicane-1, which are fixed to A1 = 2.5 and R1 = 8.4 mm (two-stage separation of six
cells) [2,3,13]. All the bunched structures in the electron beam are completely washed out
within one turn due to its corresponding momentum compaction. For example, in the
NSLS-II upgrade, this corresponds to 42 mm (30 cells × 1.4 mm/cell). The only difference
when this bunch circulates around the ring and returns to the stage-1 modulator is the
increased energy spread for the modulated beam slice. One can choose either to wait for a
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radiation damping time (e.g., about 20 ms for APS-Upgrade lattice [2]) for the increased
energy spread to damp down to the equilibrium value or to select a different part of this
electron bunch or a different electron bunch for seeding [1–3]. The intersection of those two
curves determines the shortest wavelength limit of 0.34 nm and photon energy 3.6 keV.
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Figure 3. Considering an HHG source at the wavelength of 28.5 nm being applied to seed the second
stage of the EEHG, the available and required seed laser powers are plotted as red and black curves,
respectively. Here, the available seed laser power is estimated by multiplying the peak power of the
HHG source with the seeding efficiency in the spectrum domain and the transmission efficiency from
the source to the second stage modulator (Equation (4)). The required seed laser-2 power is estimated
via the EEHG optimizer with the optimized stage-1 energy modulation and momentum compaction
of chicane-1 being fixed to A1 = 2.5 and R1 = 8.4 mm, respectively.

(5) The final pre-bunched electron beam produced using the EEHG seeding scheme
radiates coherently from the entire modulated beam slice. The CR power initially scales
quadratically with the bunching factor and can be estimated as:

PCR = 1.6 ·
(

1
4πγ

)3[2π2

Σb
( fb(ξ)λuKu)

2 Ipeak

IA

]
· |bn|2 · Pbeam ·

(
4π

√
3·Z

λu

)2

. (5)

where Σb = 2πσxσy is the electron beam cross-section, λu is the undulator period, Ipeak
is the electron beam peak current, IA = e0c/r0 ∼ 17 kA is the Alfvén current (being e0 the
electron charge and r0 the electron classical radius), Ku = B0[kG]λu[cm]/10.71 is the dimen-
sionless undulator parameter, and bn is the bunching factor (see later for details) [13,25].
The function fb(ξ) = J0(ξ)− J1(ξ), where ξ = K2

u/
(
4 + 2K2

u
) is a kinematic coupling factor

accounting for the average phase mismatch in linear undulators. Pbeam = m0c2γIpeak/e0 is the
peak power carrier by the electron beam with relativistic factor γ. Equation (5) is only valid
for the distance Z, over which the bunching retains its value and the radiation slippage is
shorter than the length of the pre-bunched region. Note that FEL gain is negligible.

(6) Incoherent (SASE) background noise is contributed by the portion of the spectrum
from the white noise of the entire electron bunch overlapping with the FEL gain bandwidth
(GBW) (Equation (6) [13,25].

Pinc= α ·
(

1
4πγ

)3[2π2

Σb
( fb(ξ)λuKu)

2 Ipeak

IA

]
· c·E0

λ
·4π

√
3·Z

λu
(6)

Here, α = 1
9 4π

√
3 ≈ 2.42, and c and E0 are the speed of light and the electron beam

energy, respectively. FEL gain is also negligible for the incoherent radiation.
(7) The ratio of the CR signal over the SASE background noise Robs (namely, the factor

of CR exceeding SASE) can be estimated via Equation (7):

Robs = PCR/Pinc·σt, CR/σt,beam. (7)
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The great challenge here is to maximize the pre-bunching by allowing the final energy
spread to increase since the CR power is quadratically proportional to the pre-bunching
factor (Equation (4) with a fixed radiator length as short as a few meters. Based on our
earlier studies, the optimal bunching factor strongly depends on the allowable radiator
length [1–3]; we apply a similar strategy to the current design. In this manuscript, we
limit our design to the NSLS-II upgrade lattice with the radiator length of 3 m. The only
exception could be a large-sized storage ring, e.g., Petra IV and a similar DL-SLS in the
PEP tunnel (named SDLS) [34,35]; the insertion device (ID) section can be as long as tens
meters. The pulse duration of an HHG source is often limited to less than 10 femtoseconds;
regarding the EUV wavelength required by seeding, the pulse duration is currently limited
to a few femtoseconds, as shown in Figure 2. Compared to a 20 picosecond electron bunch,
the SASE background noise can be quite significant. To make the CR signal exceed the SASE
background noise, one must maximize the initial pre-bunching, as shown in Figure 4a.
With the constraint of the peak power of an HHG source, shown as the red curve in Figure 3,
one must maximize the bunching factor via varying the modulator parameters as well as
increasing the energy modulation. The total energy spread and the momentum compaction
of chicane 2 are shown as Figures 4b and 4c, respectively. The initial bunching factor is
significantly higher, as shown in Figure 4a, ranging from 7% to 10%. In conjunction with the
minimized beta functions (1.7 m) and emittances (25 pm in x and 5 pm in y) in the radiator,
one can achieve the CR peak power as high as a few giga-watt (GW), as shown in Figure 4d.
As a result, the CR signal surpasses the SASE background noise (black curve in Figure 5a)
by a factor ranging from 1.2 up to 7.1. Such an enhancement should be observable by any
beamline detector. Furthermore, if one applies the gating technique, the enhancement factor
can be further improved by several orders of magnitude, closer to the ratio of the peak
power of the CR pulse and the SASE background noise. However, commercially available
gating techniques are quite limited, e.g., exceeding 1 ps, still, the sample is exposed to the
SASE background from the entire electron bunch. Thus, to mitigate the SASE background
striking the detector as well as the sample, the crab cavity short pulse scheme is much more
preferrable (see Section 2 in Results).

We chose modulator 2 with a short period of 5 cm and the length of 1.5 m, and stage-1
energy modulation of A1 = 2.5 instead of A1 = 1.3 compared to the cascaded scheme [13].
Especially, A2 is optimized ranging from 0.2 to 0.6, requiring much less power of the HHG
seed as well as contributing much less heating effect to the beam energy spread compared
to stage 1.

This ultimate short wavelength limit λ = 0.34 nm is only a factor of three longer than
the one set by the cascaded EEHG scheme. Moreover, the hardware required by the HHG
seeding EEHG scheme is quite similar to what is needed by a conventional EEHG, and
it is much less than what is needed by the cascaded EEHG. This could reduce the total
cost down to nearly half of the cascaded case; see Table 1 for details. Furthermore, there is
no need of the optical transport line, which is used to transfer the output of the CR pulse
from the first EEHG beamline as the input seed to the second modulator of the second
EEHG beamline, greatly mitigating the technical challenges and allowing for more spaces
for building user beamlines. The performances of the cascaded and HHG seeding options
are quite similar, except that the HHG seeding generates a CR pulse with the duration
of a few femtoseconds, which is limited by the HHG seed pulse length; instead, a few
picoseconds is needed for the cascaded case. In addition, the HHG pulse is modified by
both the mirror and the modulator. The pulse length should be at least the number of
undulator periods times the seed wavelength 28.5 nm, which corresponds to ~3 fs. To take
full advantage of the ultrafast HHG seeding EEHG scheme, one could potentially split
the drive laser pulse into two branches: one for the HHG production, and the other being
transmitted to the experimental hutch for pump-probe experiments. Thus, the CR pulse
from the radiator and the laser pulse would be perfectly synchronized with the timing
jitter in the femtosecond level. Hence, HHG seeding strongly favors ultrafast time-resolved
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pump-probe applications; instead, a cascaded option is more suitable for those applications
that demand high spectral brightness.
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Figure 5. (a) In the HHG seeded EEHG option, the ratio of CR signal over SASE background (named
SNR) is plotted as a function of photon energy in three cases: without 2FCC short-pulse scheme
(black), with two-frequency crab cavity (2FCC) short-pulse scheme at VCC1 = 1 MV (green), and at
VCC1 = 2 MV (blue). (b) Transverse voltage-limited pulse durations as a function of CC-1 voltage are
plotted as the black (Eph = 1.22 keV) and red (Eph = 3.6 keV) curves, respectively; the shortest pulse
estimated via Equation (9) is plotted as the blue dashed line.

2.2. SASE Background Removal via Two-Frequency Crab-Cavity Scheme

To fully benefit from the ultrashort (10 fs to 1 ps) coherent X-ray pulses generated with
the EEHG scheme (Table 1), one must mitigate the SASE background, which is radiated by
the entire electron bunch (e.g., 20 ps in RMS for the NSLS-II upgrade lattice) and contributes
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not only as the noise to the detector, but also the unwanted exposure to the sample. The
two-frequency crab cavity (2FCC) short-pulse scheme proposed by A. Zholents [36] could
be an optimal solution to shorten the incoherent SASE radiation from 20 ps down to less
than 1.1 ps depending on the radiation wavelength and maximum voltage of the crab cavity.

We apply a similar design implemented by X. Huang [37]. The two frequencies ( f1,2)
of the crab cavities are 3 GHz ( f1 = 6· fRF) and 3.25 GHz ( f2 = 6.5· fRF), respectively.
Here, the main RF frequency fRF is 500 MHz for the NSLS-II upgrade. The crab cavities
(CC) are operated at zero-crossing; thus, their main effects on the beam are to tilt the
bunches vertically through the Z-dependent vertical kicks. A schematic of the three-cavity
configuration is shown in Figure 6a [37]. For half of the buckets, the deflecting slopes of the
two cavities would add up. Any bunch in those buckets acquires a steady-state vertical-
longitudinal tilted equilibrium distribution; as it passes through a slit in the beamline, the
bunch length would be shortened via such a Y–Z correlation, as shown in Figure 6b. For a
complete cancellation of the deflecting slopes for the other half of the buckets, the center of
the second CC must be well-aligned with the center of the straight section. The transverse
voltage limited X-ray pulse length is estimated using Equation (8):

σX−Ray(VCC1, λr) =
E0

e0VCC1

√
2εy
Lu

+ λr
πLu

2π f1

∣∣sin
(
πνy

)∣∣. (8)
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Here, VCC1 and VCC2 are the transverse voltages of crab cavity 1 and 2. VCC2 can

be estimated by VCC2 = VCC1(1 + u), where u ≈ e−
1
2 (a1+a2)

2(e2a1a2−1)

1−e−2a2
2

− 1. a1 = 2π f1σt,

a2 = 2π f2σt, and σt = 20 ps (RMS electron bunch duration). VCC2 equals to 0.934·VCC1.
Here, εy, λr, Lu, and νy are vertical emittance (e.g., 5 pm), radiation wavelength, radiator
length (e.g., 3 m), and vertical tune (e.g., fraction 0.26), respectively. The shortest X-ray
pulse, which can be achieved with this method in the limit of λr/4π, can be estimated via
Equation (9) [37].

.
σX−Ray(VCC1, λr) = 2σt

(
T
τd

e−a2
1cosh

(
a2

1

))1/2∣∣sin
(
πνy

)∣∣. (9)

Since the SASE background is the worst in the HHG seeded EEHG case, an ultrashort
CR pulse with a few femtoseconds’ duration could benefit most from the application of this
2FCC short-pulse scheme. We only consider the upper λr,max = 1.02 nm (Eph = 1.22 keV)
and lower λr,min = 0.34 nm (Eph = 3.6 keV) bounds of the HHG seeded EEHG. Their trans-
verse voltage limited pulse durations as a function of CC-1 voltage are plotted in Figure 5b
as the black and red curves, respectively; the shortest pulse estimated via Equation (9) is
plotted as the blue dashed line. As a result of applying the 2FCC short-pulse scheme, there
is a factor of 16 up to 52 enhancement for the SNR, as shown in Figure 5a, depending on the
CC-1 voltage and radiation wavelength. In addition, the application of a narrow spectral
bandwidth monochromator in the HHG-seeding EEHG beamline could further reduce the
SASE background noise.
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2.3. Other FEL Options for Large-Sized SR

Since our design of an SR-based FEL is applicable to almost any SLS, to make the
design complete, we should take most of the current and future fourth-generation DL-
SLSs into account. Those SLSs can be divided into two categories: medium (e.g., NSLS-II
upgrade)- and large (e.g., PETRA-IV)-sized SRs, by the following criteria: the circumference
LC < 1 km, and the straight section (SS) length LSS < 10 m for medium SR and LC > 1 km
and LSS > 10 m for large SR. The main difference is the allowable radiator length, a
few meters for medium-sized SR and tens of meters for large-sized SR. Due to the recent
progress on X-ray optics with the reflectivity of Bragg mirrors greater than 99% [38], X-
ray free electron laser oscillator (XFELO) could be a vital option especially when the
undulator distance can be up to tens of meters in a large-sized SR. The nearly perfect Bragg
mirrors in the tender-to-hard X-ray wavelengths with the reflectivity R > 99% and Darwin
width as narrow as a few µrad can be made from single-crystal diamonds with different
orientations [39–41]. In addition, the beryllium-based compound lenses, which provide the
desired focus to form a stable X-ray cavity, are commercially available [38,42]. There exist
two conventional X-ray cavity designs, a four-mirror-based bow-tie cavity and a six-mirror
cavity. The four- and six-mirror cavities provide 10% and 20% spectral tunability [43],
respectively. SR-based XFELO can offer the highest spectral brightness [44,45] since the
spectral bandwidth is only limited by the X-ray optics, which is in the order of 10−7 for
10 keV photon energy. Alternatively, SASE can be implemented for a large-sized SR. The
advantage of SASE is that the initial energy spread can be kept to the minimum since SASE
starts from the noise (no energy modulation). The long undulator length allows exponential
growth; in conjunction with tapering, SASE can provide the highest photon flux compared
to EEHG and XFELO.

Among those three cases, whereas there is a space limitation, prebunching should be
the optimal choice; if there is no space limitation, besides EEHG, either SASE or XFELO
can also be applied depending on the user-driven experimental preferences. SASE can
provide the highest photon flux, whereas XFELO offers the narrowest spectral bandwidth
as well as the highest spectral brightness. With the photon energy of 10 keV, characteristic
comparison of SR-based FEL options of prebunching, SASE, and XFELO for medium-sized
and large-sized storage rings are shown in Table 2. Moreover, thanks to the removal of
space limitation, self-seeding could become a vital option. To make a comprehensive
list of FEL options for the large SR case, we plan to explore a self-seeding option in our
future studies.

Table 2. Characteristic comparison of SR-based FEL options of prebunching, SASE, and XFELO for
medium and large sized SRs.

FEL Option at Eph = 10 keV Prebunch (Cascaded EEHG) SASE XFELO

Ring Size Medium-SR Large-SR Large-SR

Photon energy range (keV) 0.1–10 0.1–10 10

Peak Power (MW) 170 100–300 0.1–1

Average Power (mW) 0.1–3 up to 1000 <10

Spectral Bandwidth (eV) 0.01–5 ~7–17 0.003–0.01

Pulse Duration in RMS (ps) 0.01–1 >1 >1

Stability Excellent Poor Excellent

Longitudinal Coherence Good Poor Excellent

Transverse Mode Defined by Electron Beam Size Defined by Gain Guiding Defined by Optical Cavity

Medium-SR with circumference < 1 km and straight section < 10 m. Large-SR with circumference > 1 km and
straight section length > 10 m.
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3. Method

We aim to provide design guidance for SR-based FELs, including medium- and large-
sized SRs. To expand the capabilities of the NSLS-II upgrade and a potential future DL-SLS
in the PEP tunnel [35], we consider a few FEL options using a low-emittance electron beam
of NSLS-II upgrade and SDLS, which are synergetic with storage ring operations. The
EEHG seeding option has been demonstrated with the capability of generating very narrow
bandwidths and extremely high-brightness coherent EUV to soft X-ray pulses [1–9]. The
focus of this manuscript is on the prebunching EEHG scheme using an EUV-HHG source to
produce short pulses with photon energies ranging from tender and possible hard X-rays.
Special care must be paid to mitigate the ISR and coherent synchrotron radiation (CSR)
effects. The most severe ISR effect can be mitigated by optimizing the two-stage separation,
and this has been summarized in our earlier study [13]. Regarding fourth-generation SLSs,
momentum compactions are significantly smaller. To cover this range of X-rays, we chose
the seed-laser wavelength of 256 nm for the first EEHG stage and an EUV-HHG source
for the second stage. In addition, by varying the HHG pump laser wavelength (e.g., Yb
1030 nm and Ti:sapphire 800 nm) and gas type (Xenon, Krypton, and Argon) [10–12,26],
the long wavelength limit can be extended up to >1 nm, overlapping with single-beamline
EEHG (see Table 1). This design complements EEHG seeding using two optical seed lasers
to cover the range from EUV to soft X-rays. Furthermore, by switching between a 256 nm
conventional laser and the HHG source in the first stage for seeding only in cases when
the HHG source has an adequate power in the near future, one can gain extra flexibility
in manipulating the mini-energy stripe formation with the minimum energy modulation
and least two-stage separation, thus mitigating the ISR effect, which is proportional to the
two-stage separation and the effective energy heating effect due to the modulation only
covering a few-femtosecond portion of the electron bunch overlapping for both stages.

4. Conclusions

With the availability of high-performing EUV-HHG seeding sources, we propose a
novel HHG seeding EEHG option. It has been numerically demonstrated with the ca-
pability of generating coherent pulses with the tender X-ray spectrum [4–9,46–49]. The
performances of the cascaded and HHG seeding options are quite similar, except that the
HHG seeding generates the CR pulse in the level of a few femtoseconds, which is limited
by the HHG seed pulse duration, instead being a few picoseconds in the cascaded case.
HHG seeding could strongly benefit some special type of ultrafast time-resolved pump
probe applications, including ultrafast science. Femtosecond—attosecond pulses can access
ultrafast phenomena, e.g., electron dynamics, molecular vibrations, and energy transfer
processes. X-ray probing together with synchronized optical laser pumping experiments
enables an extremely high temporal resolution in the femtoseconds level. Instead, the cas-
caded option is more suitable for those applications that demand high spectrum brightness;
see Table 1 for details. Furthermore, to fully benefit from HHG seeded EEHG, we apply a
2FCC short-pulse scheme to mitigate the SASE background noise; there is a factor of 16 up
to 52 enhancement for SNR depending on the CC-1 voltage and radiation wavelength. It is
worth noting that with the future advance on the HHG source, HHG seeding EEHG could
potentially extend the shortest wavelength limit beyond the tender X-ray toward the hard
X-ray spectrum.

Thanks to the removal of space limitation in the large sized SR case, we compared
two cases with different undulator distances: one has the space limitation of a few meters,
and the other can have the undulator distance of tens up to a hundred meters. In the first
case with the space limitation, one can benefit significantly from the prebunching; instead,
in the second case without space limitation, the FEL gain is dominated by the electron
beam energy spread. One can also consider other options, e.g., SASE and XFELO. Among
those cases, albeit there is a space limitation, prebunching should be the best choice; if
there no space limitation, either SASE or XFELO can be applied beside EEHG, depending
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on the user preferences, SASE can provide the high photon flux and XFEL could offer the
narrowest spectral bandwidth.
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