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We present the results from studies of soft x-ray seeding options for the LCLS–II x-ray free electron
laser (FEL) at SLAC. The LCLS-II will use superconducting accelerator technology to produce xray pulses at up to 1 MHz repetition rate using 4 GeV electron beams. If properly seeded, these
pulses will be nearly fully coherent, and highly stable in photon energy, bandwidth, and intensity,
thus enabling unique experiments with intense high-resolution soft x-rays. Given the expected
electron beam parameters from start to end simulations and FEL performance expectations, our
studies reveal Echo Enabled Harmonic Generation (EEHG) and soft x-ray self-seeding (SXRSS)
as promising and complementary seeding methods. We find that SXRSS has the advantage of
simplicity and will deliver 5-35 times higher spectral brightness than EEHG in the 1-2 nm range,
but lacks some of the potential for phase-stable multi-pulse and multi-color FEL operations enabled
by external laser seeding with EEHG.

I.

INTRODUCTION

Free electron laser (FEL) seeding offers the potential to
produce bright, nearly Fourier-transform limited (FTL),
and highly repeatable pulses compared to pulses produced by self-amplified spontaneous emission (SASE).
The general motivation for FEL seeding arises from the
need for control over the longitudinal coherence (i.e.,
spectral amplitude and phase) of x-ray pulses to enable
a broad range of science applications. In the soft xray (SXR) range of Eph = 280 eV (4.4 nm) to 1.2 keV
(1 nm), defined by the absorption edges of various earthabundant elements (for example, C (284 eV), N (410 eV),
O (543 eV), Fe (707 eV), Cu (933 eV), and Zn (1,022
eV)), time-resolved x-ray spectroscopy and time-resolved
resonant x-ray scattering are powerful probes of excitedstate dynamics in material and molecular complexes.
The scientific impact of these methods relies on simultaneously optimizing both the pulse length and the bandwidth for specific science requirements, including the
ability to trade-off time resolution against spectral resolution at close to the Fourier transform limit.
The range of interest for the majority of science applications extends from high time resolution 10 fs (180 meV
bandwidth) to high spectral resolution at 60 fs (30 meV).
The 10 fs timescale is sufficient to resolve bond breaking and formation processes, vibrational dynamics, and
most charge transfer processes. At the same time, a spectral resolution of 180 meV is sufficient to resolve relevant
near-edge features (e.g., for absorption spectroscopy or

∗
†
‡
§
¶

ehemsing@slac.stanford.edu
gmarcus@slac.stanford.edu
fawley@slac.stanford.edu
rwschoen@slac.stanford.edu
gepenn@lbl.gov

resonant scattering) which are defined by core-hole lifetime broadening, typically > 200 meV. Alternatively,
high energy resolution at the 20-30 meV scale can resolve a wide range of low energy collective modes in correlated materials (e.g., the typical energy gap for unconventional superconductors is ∼ 50 meV), and can further resolve many relevant vibrational modes (e.g., metal-ligand
stretch) in molecules. Simultaneous time resolution at
the 60 fs scale enables one to follow the evolution of collective modes in response to specific external perturbations (e.g., resonant vibrational excitation of materials
or charge-transfer excitations in molecules). More detail
on the specific science targets of interest can be found
in [1, 2].
Within this range of interest there are important potential practical benefits that arise from seeding when
compared with stochastically noisy SASE, which has a
full bandwidth of ∼1-2 eV at SXR spectral energies:
• Higher average spectral flux (photons/sec/meV).
A seeded XFEL delivers most of the power in the
spectral bandwidth of interest, therefore increasing
the brightness (photons/meV) and minimizing any
losses from post-XFEL spectral filtering, which can
be significant for SXR optics.
• Timing synchronization from external seeding with
short laser pulses (e.g., pump/probe). This enables better performance (e.g., time resolution)
and reduces the need for time-stamping and pulsesorting by reducing electron timing jitter to the
few-femtosecond level or below.
• Substantially improved amplitude stability from a
seeded XFEL (near saturation) compared with a
SASE XFEL filtered with a monochromator.
• Coherent control of the central wavelength within
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the SASE bandwidth and control of the coherent
relative bandwidth down to the 10−4 level.

Parameter Symbol Value Unit
Energy
E
4.0
GeV
Charge
Q
50-300 pC
Peak Current
I
1.0
kA
Emittance
n
0.45 µm
Energy spread σE
500
keV
Beta function
hβi
12
m

• Coherent two-pulse and multi-color, phase-locked
operations. These structures in the photon pulse
can induce specific low-energy transitions in electrons, or target distinct atoms with controlled relative timing.
Here we report on studies of seeding options for 1.2 keV
(1 nm) and 620 eV (2 nm) soft x-rays at LCLS-II. Results suggest that the best overall FEL performance and
flexibility is provided by a combination of soft x-ray selfseeding (SXRSS) and Echo Enabled Harmonic Generation (EEHG). This conclusion is driven by the need to
address key SXR science targets and the concomitant
requirements for FEL spectral brightness, spectral purity, bandwidth, stability, and tunability. Self-seeding relies on monochromatization and amplification of a SASE
pulse produced by the upstream portion of the FEL, and
has successfully been implemented at both hard and soft
x-rays at LCLS [3, 4]. EEHG [5, 6] has recently been
demonstrated with high-gain up to 211 eV (5.9 nm) photon energies at FERMI [7], which, along with the promising results from several other experimental and theoretical studies [8–12], is encouraging for its extension up to
620 eV at LCLS-II.
Our studies on LCLS-II indicate that both EEHG and
SXRSS can produce FEL pulses that are, at minimum,
several times brighter than SASE and with narrower
bandwidth spectra that are highly stable in central wavelength. SXRSS is the simplest and most mature technology in the SXR regime; it also produces the highest photons/meV per pulse. EEHG has the advantages of excellent intensity stability for FTL pulses and the capability
for tunable and phase-locked multi-pulse and multi-color
operations, with the disadvantage that performance is
projected to diminish significantly toward 1 keV energies.
The EEHG and SXRSS options at LCLS-II are complementary and non-interfering. Components for EEHG
can fit in the available 40 m space upstream of the SXR
undulators in the current LCLS-II beam line design (see
Fig 1). They also can utilize some of the hardware intended for sub-fs pulse production [13, 14] including magnetic undulators and chicanes. The SXRSS infrastructure (chicane magnets and SXR optics) can reside within
a single undulator slot (like LCLS).
There are unique and shared challenges with each
scheme, including technical developments associated
with the up to 1 MHz rate LCLS-II system. For
SXRSS, the primary issue is cooling of the x-ray optics.
For EEHG, this includes implementation of a suitable
high-repetition rate, high power external UV laser system to manipulate the electron beam (e-beam), though
seed laser operation at reduced rates is straightforward.
Both seeding schemes also require excellent linear e-beam
phase space properties for best operation, but in general

TABLE I. Parameters of the LCLS-II e-beam for generating
soft x-rays.
Parameter
Value
Unit
Type
Hybrid PM, planar Full gap height
variable
Period
39
mm
Segment length
3.4
m
Break length
1
m
# segments
21
Total length
96
m
TABLE II. Parameters of the LCLS-II soft x-ray undulators.

may favor different parameters and bunch profiles for optimal performance.

II.

SEEDING PERFORMANCE COMPARISON

Numerical seeding studies were performed with the
FEL code Genesis [15] using two different e-beam distributions. One was a 100 pC start-to-end (S2E) e-beam
produced by the IMPACT [16] code that tracked electrons from the cathode source to the LCLS-II SXR undulator entrance. The other was a 50 pC idealized version of
the S2E e-beam with a lasing core of similar length (50 fs)
but with a smooth longitudinal phase space distribution.
Figure 2 shows the longitudinal phase space and current
profiles of both e-beams [17]. The S2E e-beam was originally optimized primarily for low transverse emittance
(n = 0.4 µm) and high current (≈ 1 kA), and is thus
not necessarily optimized for seeding. Its phase space
distribution shows clear energy structure that impacts
the FEL performance, notably short IR wavelength ripples from microbunching, curvature in the e-beam core,
a long tail, and strong nonlinearities at the head. Nevertheless, it serves as a useful benchmark to examine the
seeding limitations caused by non-optimal e-beams. The
ideal e-beam, which otherwise matches the properties of
the S2E e-beam (emittance, slice energy spread, etc.), illustrates by contrast the impact of the phase space and
current distortions on the FEL performance. We note
that scheme-specific, seed-optimized S2E e-beams with
cleaner phase spaces are currently under active study.
Figure 2 also shows the calculated resistive wall wakefields (RWW) of the SXR undulator vacuum chambers
used in simulations.
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FIG. 1. Layout of the LCLS-II soft x-ray (top) and hard x-ray (bottom) undulators. Both undulator lines will be fed by the
1 MHz e-beam, which goes left to right. The SXR line is composed of 21 undulators segments each 3.4 m in length, occupying
a total footprint of 96 m. General e-beam and undulator properties are given in Tables I and II. There is about 40 m of space
available upstream of the SXR line (circled) that could be used for external seeding infrastructure. Slot 35 (undulator #10)
will accommodate the SXRSS.

the resolving power
R = Eph /∆Ee .

FIG. 2. Electron beams used in LCLS-II FEL simulations
(head is to the right). The 100 pC start-to-end e-beam from
IMPACT optimizations is on the left, and the 50 pC ideal
e-beam is on the right. Also shown: current profiles and
time-dependent energy loss per meter in the undulator due to
resistive wall wakefields (RWWs).

A summary of results from numerical simulations is
shown for reference in FIG. 3, with the best output
FEL spectra (obtained with the ideal e-beam) shown in
FIG. 4. In general, both schemes produce pulses with
higher peak brightness than monochromatized SASE at
the same saturation power, especially when the efficiency
of any post undulator monochromator is included. The
ideal e-beams produce cleaner x-ray spectra as expected,
but the 50 fs effective lasing core is roughly 10 fs shorter
than that of the S2E e-beam, which results in slightly
larger bandwidths.
For the numerical results presented in FIG. 3, the spectral bandwidth of the FEL output is quantified in two different ways in order to capture the effect of the spectral
pedestal (i.e., spectral content outside the main seeded
spike), which can have a complicated shape. ∆E is the
simple FWHM bandwidth of the most prominent spectral peak, while ∆Ee is the FWHM-equivalent bandwidth
which is the minimum spectral extent that contains 76%
of the total pulse energy EN = N Eph , where N is the
number of photons. This is the bandwidth used to define

(1)

Also given in FIG. 3 is the percent fraction of the photons contained in the FWHM bandwidth. This can be
compared to a range of ideal functions. For example,
the percentage contained within the FWHM of a Gaussian distribution is 76%, while a sech2 is 71%, and a
Lorentzian is 50%.
The listed peak brightnesses and bandwidths are all
calculated at the undulator position that gives the
peak of the dimensionless brightness quantity Be =
0.76EN /∆Ee = 0.76N R which is the number of photons contained within the relative FWHM-equivalent
bandwidth. The maximum of Be therefore algorithmically selects a location of peak dimensionless brightness that includes the FEL amplification and pedestal
growth/spectral broadening, and thus Be is the “brightness” figure of merit used to quantitatively compare
schemes. In most cases, this peak location tends to be
very close to saturation, but it moves downstream towards the end of the undulator when tapering is included.
Tapering and wakefields are both included in all simulations. Radiation temporal pulse durations all refer to
the FWHM value unless otherwise stated. The “general
features” listed in FIG. 3 are qualitative assessments informed by combinations of the present simulations and
by the authors’ varied experiences in previous numerical
and experimental studies.
It is important to note that overall, while SXRSS
and EEHG both improve the brightness of the FEL
over monochromatized SASE, neither method uniformly
achieves all of the desired characteristics of fully stable
FTL pulses with a negligible spectral pedestal at or beyond saturation. In particular, the target bandwidth of
30 meV for pulses with high spectral resolution is at least
a factor of two below that achievable with the current
LCLS-II design, due primarily to the RWW effects in the
SXR undulator vacuum chambers (discussed later). Nevertheless, both schemes can produce pulses with specific
desirable characteristics that can be targeted at distinct
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FIG. 3. Seeded LCLS-II performance comparison. ∆Ee is the
FWHM equivalent of a gaussian, and is the minimum spectral
extent that contains 76% of the total energy, EN = N Eph .
This incorporates spectral pedestal contributions that are
missed by the conventional FWHM, ∆E. All values calculated near saturation at the undulator position that gives the
peak of Be = 0.76EN /∆Ee , which is the number of photons
contained within the relative FWHM equivalent bandwidth.
For comparison, unmonochromatized SASE averages 109 photons/meV at 1.2 keV and 4×109 photons/meV at 620 eV. For
comparison with other general features of monochromatized
SASE see [2].

science applications. Details are described in the following sections.

III.

SXRSS

Self-seeding relies on the monochromatization and reinjection of the FEL radiation pulse part way through
the exponential gain regime to significantly increase the
temporal coherence and spectral brightness over what is
achievable with normal SASE [18]. It is the simplest
scheme to implement, as it does not rely upon external
lasers with their issues of repetition rate capability and
synchronization. SXRSS has been a core capability at
LCLS [4, 19, 20], and the physical infrastructure will be
moved to the LCLS-II SXR line, upgraded for cooling
and motion control.
SXRSS experiments at LCLS demonstrated an increase in peak brightness by a factor of up to 20-50
over monochromatized SASE (2-5 if the seeded output is also monochromatized) across the photon energy
tuning range of 0.5 − 1 keV [4], though the improvements over SASE can depend sensitively on the details
of the setup and electron beam, as well as the requirements of the application [21, 22]. The measured resolving power is roughly R=2000-5000, determined both by

FIG. 4. X-ray spectra of SXRSS and EEHG near saturation
for the ideal e-beam.

the monochromator grating and focusing optics for the
seed x-rays, with the e-beam acting as its own exit slit.
The relative variation in wavelength is stable to within
2 × 10−5 for on-energy e-beams [22].
The measured LCLS SXRSS spectrum typically has
a large seeded spike surrounded by a broad spectral
pedestal. An extensive set of experimental studies on understanding and controlling the spectral contamination
outside the main seeded line are reported in [22]. Studies
for LCLS and LCLS-II indicate that there are three primary sources of spectral broadening during lasing, each
with different spectral characteristics:
• Microbunching instability (MBI). Historically the
dominant source of the spectral pedestal, the MBI
produces IR wavelength ∼0.3-5 micron (∼0.24–
4 eV) structures in the e-beam phase space that
frequency-mix with the seed to produce a shot-toshot varying spectral pedestal. The pedestal grows
at least linearly relative to the main seeded line
prior to saturation, unlike the SASE component
(see below). The total integrated pedestal can be
controlled in part by the laser heater; down to 10%
of the seed energy at LCLS [22].
• Wakefields. The resistive wall wakefield (RWW)
in the 5-mm aperture undulator vacuum chamber
introduces a long-wavelength nonlinear chirp (see
FIG. 2) that broadens the seeded x-ray spectrum
prior to saturation. For the 1 kA, 4 GeV e-beam
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FIG. 5. Power evolution of 1 keV x-rays during SXRSS at
LCLS-II. Here and throughout this paper the SXRSS infrastructure is modeled in the slot 34 location.

FIG. 6. SXRSS with S2E e-beam. 1 keV spectrum at the
end of the undulator. The spectral behavior at 620 eV (not
shown) is very similar.

A.

at LCLS-II, this limits the maximum linear portion
of the e-beam to ∼25 fs (R ∼10,000 at 1 keV). An
increase in the aperture size from 5-mm to 7-mm
or larger would virtually eliminate this contribution [23].

• SASE and saturation. A weak or nonuniform xray seed along the e-beam raises the relative SASE
background. Further, limitations on the allowable
20 mJ/cm2 fluence on the SXRSS monochromator optics directly limits the ratio of seed to SASE
power in the second stage [24]. At LCLS, SASE
usually accounts for ∼10% of the total output pulse
energy in the linear gain regime. Deep in saturation and in the absence of optimized tapering, the
relative SASE contribution continues to increase,
which drives up the pedestal.

Spectral broadening aside, the SXRSS pulses are not
single spike nor transform-limited unless the electron
bunch length matches the coherent pulse length set by
the SXRSS system. For example, at LCLS with R=5000
for 1 keV photons (i.e., 200 meV FWHM), the transformlimited pulse duration is τ = 9 fs. Thus, the standard T =70 fs flattop
√ e-beam will be statistically seeded
by M = 2.35T /2 πτ ≈ 5 individual temporal modes.
From the standpoint of fluctuations, this stabilizes the
energy within
p the seeded bandwidth (normalized fluctuation level 1/M )[22], but leads to less strongly seeded
regions of the e-beam where SASE dominates, which adversely impacts the pedestal [25]. Conversely, a 14 fs
e-beam would produce single spike (M ≈ 1) nearly FTL
x-ray output, but with ∼100% pulse-to-pulse intensity
fluctuations. Deep in saturation the intensity stabilizes,
but the x-ray spectrum can degrade due to sideband-like
growth [4].

LCLS-II SXRSS Simulations

The SXRSS photon seed pulse is modeled to be a
40 kW (≈ 50 times the shot noise) ideal pulse, fully covering the e-beam in time to establish best performance.
The spectra are thus 2-3 times narrower than those expected from the migrated baseline LCLS SXRSS system
with R ≈ 5000; however these narrow bandwidths may
be achievable with upgraded monochromator optics.
Figure 5 shows the power growth of a 1 keV FEL pulse
from the S2E e-beam along the LCLS-II SXR line, including the initial SASE portion. The final amplified
seed pulse reaches the 10 GW level, and the output spectrum and temporal pulse profile are shown in FIG. 6.
The final spectrum is 2.5 times the FTL. It has a narrow ∆E = 80 meV spike and smaller nearby pedestal
structure driven primarily by MBI modulations and some
RWW-induced nonlinear chirp during lasing. The growth
of the spectral bandwidth is shown as a function of distance from the SXRSS system in FIG. 7. The bandwidth
grows steadily as the pulse approaches saturation (40 m
downstream in the 1.2 keV case, 15 m downstream for
620 eV), but the tapered sections of undulators serve to
mitigate the growth while extracting more pulse energy.
For comparison and to establish baseline expectations,
simulations were performed with the ideal e-beam. It
has no initial MBI or nonlinear phase space structure,
but the RWW in the undulators is still included. An
ideal radiation seed is again assumed. Figure 4 shows the
essentially single spike output spectra (both ≈1.5 times
the FTL).
For LCLS-II, the RWW is the main limiting factor for
obtaining resolving powers beyond R=10,000 (∆Ee =
100 meV). The RWW impact on the ideal e-beam is indicated in FIG. 8 where the seed bandwidth ∆E along
the undulator is plotted for different seed powers, ranging
from the nominal 40 kW level up to 5 MW (corresponding to a saturated LCLS-II e-beam monochromatized).
These simulated seed power scans were performed to reveal if the RWW-induced broadening could be outrun,
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FIG. 7. SXRSS x-ray spectral bandwidth and brightness evolution with S2E e-beam at 1 nm (left) and 2 nm (right). The
FWHM-equivalent bandwidth ∆Ee first grows then is reduced
somewhat near saturation as the taper begins.

thereby motivating a redesign and/or major reposition of
the LCLS-II SXRSS chicane to accommodate high power.
Scans show that this solution may be impractical; the
peak photons/eV improves by a modest 2.5 times for a
significant seed increase from 40 kW to 5 MW, while
the time-bandwidth product improves from 1.5 to 1.16.
This suggests that achieving bandwidths much less than
100 meV would require significant effort; either larger
vacuum chamber apertures (e.g., increase from 5 mm to
7 mm) to remove RWW effects, or a factor of 100 increase
in the seed power.

IV.

EEHG

The echo-enabled harmonic generation (EEHG)
scheme uses two external 260 nm lasers to produce a
high harmonic coherent density modulation (bunching)
in the e-beam to seed the SXR FEL [5, 6]. The bunching is produced by a series of transformations on the
electron phase space distribution. The first laser imprints a sinusoidal energy modulation (2-3 times the slice
energy spread σE ) in the e-beam as they co-propagate
through a magnetic undulator (modulator). The phase
space distribution is then highly dispersed as the e-beam
goes through a strong chicane (nominal R56(1) ∼ 15 mm)

FIG. 8. SXRSS with ideal 50 fs, 1 kA flattop e-beam for different input powers on ideal seeds. Top: final spectra, Middle:
bandwidth evolution, Bottom: optimized taper profiles.

which filaments the phase space into energy bands. The
second laser pulse then modulates the e-beam again (by
4-6σE ). After passing through the second weaker chicane (R56(2) ∼ 0.1 mm), bunching at the desired SXR
wavelength is produced. The bunched e-beam then enters the FEL where it radiates and amplifies coherent
light up to saturation levels. The central bunching frequency is a sum of harmonics of the two laser frequencies, ωE = hω1 = nω1 + mω2 so it can be adjusted by
changing one or both of the laser frequencies. Optimal
bunching requires n = −1. Thus m ≈ h  1, and the
bunching spectrum is much more sensitive to the second
laser [26, 27]. Maximizing the bunching to occur at a specific harmonic is chosen by proper choice of the chicane
dispersions, h ≈ |n|R56(1) /R56(2) .
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EEHG Characteristics

FIG. 9. EEHG with ideal e-beam at 1.2 keV (top) and 620 eV
(bottom). Power profiles overlaid with the final current profile
(left) and spectra (right) at different positions along the radiating undulators. Note that, for clarity, the current profiles
are averaged over the wavelength of the UV laser seeds.
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By the use of external lasers, EEHG offers additional
control on the output FEL pulse characteristics because
the seed lasers can be tailored in pulse duration, amplitude, and wavelength. The spectral phase of the seed
lasers (especially the second laser) can also be specified
(by the introduction of a chirp, for example) to control
or even correct for the spectral phase of the output FEL
pulse (e.g., [28]). Here we concentrate on producing the
longest pulses with good output spectra. However, short
pulses down to a few fs are possible in principle by using
a short second laser (and shorter modulator) if SASE in
the rest of the e-beam can be appropriately limited [29].
Nominal expected FEL pulse lengths at LCLS-II with
EEHG are 1-20 fs with ∆ω/ωE ∼ 1 − 20 × 10−4 FWHM
bandwidths (depending on the wavelength), defined primarily by the second laser pulse duration σL /c but limited to < 25 − 30 fs by wakefields. FEL spectra and
temporal pulse profiles from ideal e-beam simulations are
shown in FIG. 9. With tapering, the EEHG pulses reach
the 10 GW level (see FIG. 10), which is comparable to
that achieved by SXRSS.
In these simulations and in general, it is optimal to
keep the first laser pulse at least as long as the second laser pulse to serve as a buffer against timing jitter and to suppress SASE. The minimum bandwidth
is obtained near the optimum second laser modulation,
∆E2 /E = λ2 /2πR56(2) . At this value the bunching envelope is shorter than the laser pulse by the factor h1/3 /1.4
due to a harmonic compression effect [26, 27, 30]. Thus,
to produce a 20 fs bunching envelope at h = 130, one
needs a 70 fs laser pulse. Variation in the e-beam current
profile, however, can also impact the FEL pulse length
due to preferential lasing.
For laser pulses short compared to the electron bunch
duration, the time-integrated bunching is relatively robust to laser power fluctuations, resulting in an FEL intensity that can be even more stable than SXRSS [7].
This is illustrated in FIG. 11. For example, 5% variation
from the optimum second seed laser power corresponds
to 10% integrated bunching fluctuations at h = 130 (20%
at h = 260). The bunching bandwidth, which also fluctuates with the laser power, shows a comparable 5% fluctuation at h = 130 (10% at h = 260).
The growth of the bunching bandwidth for larger than
optimal laser power identifies the onset of spectral pulse
splitting, which can be utilized for multicolor operations.
In fact, EEHG has the general capability to produce
phase-locked double pulses with adjustable timing delay, or multiple colors using techniques pioneered with
HGHG [31–34]. For example, an over-modulation with
the second laser as shown in the top plot of FIG. 11 can
eventually split the harmonic within the FEL bandwidth
as a result of temporally separated pulses that interfere.
If the laser is also chirped, two distinct colors with adjustable delay are produced [33]. Or, two seed pulses can
modulate the e-beam in the second modulator, much like

Pulse energy (microJ)
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FIG. 10. EEHG gain curves with the ideal beam (left) and
the S2E beam (right).

that demonstrated in Ref. [34] with split and delay. This
offers some timing control between pulses, and also offers
the possibility of different FEL colors if two seed lasers
with different wavelengths are used. Another possibility is to harness the energy chirps in the e-beam produced by wakefields to split the spectrum. Simulations
of these two color operations are described below. Alternately, significant bunching at multiple nearby harmonics is parasitically produced with widely spaced (1/h)
color separation [7]. This option requires a split FEL
undulator configuration (e.g., consecutive or interleaved)
since the 1/h separation is typically larger than the FEL
bandwidth. This comes at the expense of output power
because neither color reaches saturation. Nevertheless,
multiple pulses with lower FEL output energies still have
several desirable applications such as time-resolved resonant processes. If relative phase stability between colors
is also achieved, then one could foresee an extension of
molecular vibrational wavepacket interferometry to electronic wavepacket interferometry [35, 36].
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< 1/2h1/3 radians to keep the bunching bandwidth
within a factor of 2 of the FTL minimum [43]. In
addition, deterministic laser phase shaping can be
ameliorative, particularly if used to compensate ebeam energy chirp [28].
• MBI: The strong EEHG modulators required to
couple 260 nm lasers with the 4 GeV e-beam can
increase MBI effects [43, 44], which are particularly detrimental as they cascade into the second
modulator. This motivates small K modulators,
and strong suppression of initial MBI by the laser
heater. The rms energy spread growth through
the second modulator should ideally be less than
σM BI < h1/3 σE /3k2 σL for modulations that produce sidebands within the FEL bandwidth.
• Incoherent synchrotron radiation (ISR): The transit of the e-beam through the modulators and chicanes induces ISR energy spread growth that can
reduce the bunching, particularly if it occurs in the
strong chicane and second undulator. Again, the
second modulator K cannot be too strong nor the
chicane bends too short. For a fixed R56 and total
chicane length L = 2LD + 4Lm , the optimal magnet length is Lm = 3L/14 to minimize ISR (LD is
the drift length between dipoles 1&2 and 3&4).

FIG. 11. Effects of intensity fluctuations in the second EEHG
laser from theory for h=130. The temporal bunching profile
becomes split by over-modulation (top), which enables multicolor seeding through interference between the two phaselocked pulses. The integrated bunching power (middle), and
the bunching bandwidth (bottom) vary accordingly.

B.

EEHG Challenges

Studies point to several critical issues for optimal performance, most of which relate to aspects of the laser
system or beamline insertion devices [9, 37]. These effects are all included in the simulations presented here,
and the mitigating solutions discussed are implemented
to achieve the best FEL performance.
• Laser spectral phase: In the simplest models,
eikonal phase structure in the second laser gets
multiplied by the large harmonic factor m [26, 27,
38, 39]. However, this detrimental effect is suppressed by the combination of harmonic compression and slippage in the modulator [40, 41]. Slippage smooths out laser phase errors if it is comparable in duration to the final < 30 fs bunching envelope, which is 35 undulator periods with 260 nm
lasers [42]. Phase wander in the bunched region
may be required to be of order a couple degrees
or less. For example, dominant quadratic temporal phase variations over the envelope should be

• Coherent synchrotron radiation (CSR): CSR wakes
in the strong chicane produce long wavelength energy structures in the e-beam (see FIG. 12) that
broaden the bunching spectrum [43]. Reducing
CSR generally favors gentle bends, flatter current
profiles, and short second laser pulses that select
only the most linear regions of the wake. The impact of CSR is also sensitive to the peak current.
Studies indicate that the CSR from the final two
dipoles in the first chicane has the greatest impact
on the spectrum.
• Intrabeam scattering (IBS): IBS effects increase
with beam density and with transport length [45–
48], favoring a compact EEHG layout, in conflict
with ISR requirements for large, weak magnets.
IBS increases the energy spread and reduces the
bunching. These effects are most critical at the
locations where the beam phase space is sheared.
Studies with the proposed LCLS-II EEHG layout
indicate ∼15% total bunching degradation from
IBS and ISR at 1.2 keV.
• Large amplitude e-beam energy structures: Passage through the large chicane can substantially
change the e-beam phase space and current profile, particularly if there are large energy chirps in
the head or tail. The large negatively chirped energy tail in the examined S2E beams, for example,
becomes compressed and can even overlap the core
and spoil the final FEL spectrum [49].
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FIG. 12. Steady state CSR energy loss in the ideal beam in
the last two chicane dipoles, where the beam is highly sensitive to energy distortions. The wake profiles are similar
between the 1 and 2 nm EEHG tunes despite the difference
in dispersion because of the weak dependence of the CSR on
the different magnetic fields.
Element Strength 1(2) nm Mag. Length Tot. Length
Mod 1 ∆E1 =1.5 (1) MeV λu =10 cm
3.2 m
Mod 2
∆E2 =3 (2) MeV
λu =40 cm
3.2 m
Chic 1 R56(1) =14 (9.8) mm Lm =2 m
9.25 m
Chic 2 R56(2) =53 (85) µm Lm =25 cm
2.25 m
TABLE III. EEHG parameters used in LCLS-II simulations.

C.

LCLS-II EEHG Simulations

EEHG simulations were performed with Genesis using
the LCLS-II S2E and ideal beam distributions. Parameters are shown in Table III. The compact system under
study occupies a 20 m section (the equivalent of 5 undulator slots) upstream of the SXR undulator (FIG. 1).
The modulators have strengths K1 = 25, and K2 = 12.5.
The second modulator has a longer period and is weaker
in strength to avoid deleterious energy scattering and
MBI effects on the e-beam phase space. Each of the
four-dipole symmetric chicanes use magnets with identical fields and length, as well as drifts of identical length.
The 260 nm, GW-class seed lasers are focused to a ∼300
micron waist in the middle of the modulators (equivalent
to 1 m Rayleigh lengths). As was true for the SXRSS
simulations, undulator tapering (quadratic in undulator
strength) is used to optimize the spectral performance.
Simulations indicate that the ideal beam can produce
an output spectrum that is within 3x the FTL. For the
example at 1.2 keV shown in FIG. 9, the output radiation pulse has a FWHM of 30 fs and spectral FWHM of
125 meV. In this case, long 400 fs seed lasers were used, as
the sharpness of the current profile sets the length of the
lasing core. The final brightness Be is about 5x less than
was produced by SXRSS with the ideal beam, and there
is a significant SASE pedestal due to the low 1% seeded
bunching factor. At 620 eV the situation improves, producing a pedestal less than 10% (less than half that of
SXRSS), and a brightness that is 4x less than SXRSS.

FIG. 13. EEHG x-rays at 1.2 keV (top) and 620 eV (bottom) with S2E e-beam. Power profiles overlaid with the final
current profile (left) and spectra (right) at different positions
along the radiating undulators.

The n = −1 EEHG tune is used in both cases.
The large chromatic dispersion of the first EEHG chicane transforms the initially flat-top 50 fs current profile
into a nearly triangular distribution with a reduced peak
current, resulting in a narrowed central laser core. This
sets the maximum effective output pulse length to 30 fs,
and also reduces the number of electrons that participate
fully in the FEL amplification, so the total output power
is reduced. The linear region of the CSR wake (FIG. 12)
is also shorter for short beams, so we find that longer linear beams can perform slightly better with EEHG. For
example, simulations with 100 fs flattop beams show peak
brightness of Be = 1 × 1015 without tapering, compared
to Be = 0.7 × 1015 with 50 fs beams and tapering. In
the absence of CSR, the 1.2 keV spectrum is significantly
cleaner [49].
EEHG simulations using the S2E beam indicate an
overall poor spectral performance due primarily to the
large energy structures on the beam. These lead to strong
nonlinear distortion of the longitudinal phase space in the
large chicane that produce strong current spikes which
also drive sharp CSR wakes, and ultimately limit the lasing core to a short temporal region. As shown in FIG. 13,
optimization efforts at 1.2 keV show it is possible with
400 fs lasers to produce a spectral spike that is 250 meV
FWHM (3x the transform limit) and contains 2.8 × 1011
photons; a factor of 35 smaller spectral brightness than
was produced by SXRSS simulations. At 620 eV, the
EEHG spectrum is not much better due to interference
effects between different temporal lasing portions.
One potential remedy for the large energy structure
problem is to apply an energy cut to the e-beam upstream of the undulators, if technologically possible at
the desired repetition rate. Simulations of S2E beams
cut within a ±5 MeV window indicated a somewhat improved spectral quality, but the SXR pulse is still short
and there is a significant spectral pedestal. In this case,
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FIG. 14. Multi-color pulses with EEHG from an idealized
100 pC bunch. Top: Radiation at 2 nm. The second seed
laser is increased slightly in power to produce the multi-color
radiation. Bottom: Radiation at 1 nm. Here CSR wakefields
result in distinct spikes in the temporal profile and in the
spectrum.

it was more optimal to use seed lasers with a duration
of 100 fs. These results highlight the importance of high
quality e-beams for EEHG seeding.
In general, moderate initial modulations (e.g., MBI)
mostly impact the EEHG scheme through wakefields, especially the CSR in the first chicane and longitudinal
space charge in the second modulator. In the extreme
case, energy modulations may generate significant current spikes or folding over of the longitudinal beam phase
space. Examples where an artificial energy modulation
equal to that of the nominal 500 keV uncorrelated (slice)
energy spread has been applied to the idealized electron
bunch have been studied. At 1 keV, The final pulse energy is reduced by 50% on average, due mostly to the
reduction in bunching.

D.

Multi-color/Multi-pulse Operations

One of the simplest ways to produce multi-color FEL
pulses is through interference of multiple pulses to generate fine structures in the spectrum. This approach leverages the correlated nature of the radiation phase between
temporally separated pulses. Two particular examples
are shown in FIG. 14. The first is produced by increasing
the power of the second laser seed to produce several local optima in the bunching (with phases of different sign)
at different locations in the electron bunch. As a result of
interference, there are multiple spectral peaks each separated by roughly 110 meV. The radiation is shown after
8 undulator sections tuned to the same 620 eV energy.
The spectrum with this technique is straightforward to
adjust between single and multiple colors by the laser
amplitude.
The second example of multi-color operation applies to

moderate length (100 pC) bunches seeded by long laser
pulses, where wakefields can split the spectrum into multiple components. CSR wakes from the first chicane are
sufficiently intense and vary rapidly enough that the magnitude of the bunching is itself modulated, as shown in
the lower left plot of FIG. 14. Here, there is no bunching
and thus no radiation in the center of the beam, even
though it is laser-modulated. The peaks in the resulting
spectrum are separated by 130 meV. In this configuration the multi-color spectrum can be transformed to a
single spike by using a shorter laser pulse for the second
seed. For x-ray energies lower than 1.2 keV, the magnetic fields in the chicane can be reduced at the expense
of increasing the power in the second laser. This would
further reduce CSR wakefields, possibly to the point of
avoiding large variations in bunching and allowing phase
variations alone to yield either multiple colors or a frequency chirp within a single, long temporal pulse.

V.

CONCLUSIONS

High-resolution numerical simulations indicate that
EEHG and SXRSS are both promising but challenging
options to produce high brightness SXRs at LCLS-II.
For both schemes, flat and linear phase space distributions with minimal energy tails lead to better performance, and RWW effects limit the maximum FTL pulse
to 25 − 30 fs unless the undulator vacuum chamber aperture is increased.
SXRSS at LCLS-II is predicted to deliver FEL pulses
with Be ∼ 5 − 35 times higher spectral brightness than
those from EEHG, depending on the e-beam characteristics, and has a greater advantage at shorter wavelengths.
With a fixed resolving power grating (as in the LCLS design), the FTL pulse length is also fixed at a given photon wavelength (e.g., 9 fs at 1.2 keV assuming R=5000).
Thus, the e-beam must be either similarly short, or be
properly sliced or spoiled (e.g., via laser heater shaping [50] or a “fresh slice” configuration as would be produced by a dechirper [51]) for FTL pulses. Such single
mode operations translate to large output intensity fluctuations because the seed is a single mode starting from
noise, although this is mitigated to some extent by saturation effects and undulator tapering.
EEHG has a potential to provide 1-25 fs ouput pulses
within a few times the FTL, as well as temporallytailored SXR pulses (e.g., multiple pulses/colors) at reduced brightness. Several effects constrain the maximum
harmonic jump, including CSR and MBI effects in the
EEHG transport. As such, producing high-quality pulses
at full saturation power up to 1.2 keV energies starting
from UV seed wavelengths is beyond the reach of the current LCLS-II design. However, EEHG performance and
flexibility improves at energies 620 eV and lower. Stable,
high-quality UV lasers are critical to control the quality of the x-ray pulse, and flat and linear beam phase
space distributions perform better. Simulations indicate
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that EEHG pulses have have less pedestal than SXRSS
for ≤620 eV assuming MBI growth is mitigated with the
laser heater. Wakefields, especially CSR in the large dispersive section, have a large impact on spectral quality
and favor longer beams.
Overall, SXRSS has the obvious advantage of simplicity (assuming that adequate optics cooling can be provided at the desired high repetition rate of LCLS-II), but
lacks some potential features for multi-pulse and multicolor FEL operations enabled by external laser seeding.
Thus, these seeding options appear to be complementary, with SXRSS providing the strongest basic performance while EEHG allows for more specialized applications. Because the required physical infrastructures are

non-interfering, the schemes can separately meet different expectations of user demand and FEL performance.
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