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Abstract
A new grating design is examined for the soft X-ray self-

seeding system (SXRSS) at LCLS-II to ultimately produce
stable two-color XFEL pulses. The grating performance is
analyzed with Fourier optics methods. The final XFEL per-
formance is assessed via full numerical XFEL simulations
that substantiate the feasibility of the proposed design.

INTRODUCTION
Soft X-ray self-seeding (SXRSS) system has been success-

fully designed [1–3] and commissioned at LCLS [4]. It is
currently planned for re-commissioning with the new LCLS-
II variable-gap undulators. In the present configuration, the
SXRSS consists of a grazing incidence toroidal diffraction
grating with variable line spacing (VLS), a rotating mirror
(M1), a collimation slit, a focusing spherical mirror (M2),
and a plane mirror (M3); see Fig. 1. This setup significantly
enhances the SXR beam temporal coherence properties and
has been a topic of active studies; see e.g., Refs. [5–8].

There is increasing interest in delivering stable two- and
multi-color SXR pulses to experiments. At LCLS, multi-
color SASE operations were previously achieved by using
electron beam-based manipulation techniques, e.g., see Ref
[9]. In this paper, we consider an alternative route. We
intend to modify the existing SXRSS system with a dual-
color grating to produce a self-seeded two-color XFEL pulse.
Dual- and multi-color gratings are known in laser optics (e.g.,
see Refs [10, 11]), but to our knowledge, they have not been
applied for self-seeding of XFELs.

Dual- and multi-color self-seeding, combined with the re-
cently proposed enhanced self-seeding approach [12] could
lead to a highly stable SXR source, opening new possibilities
in time-dependent polarization control [13, 14]. It will also
enable new user experiments, e.g., similar to Refs. [15–17].

THEORETICAL MODELLING OF
AN IDEAL GRATING

The operational LCLS SXRSS grating parameters were
reported in [1–3]. A typical approach for analyzing the ide-
alized grating monochromator properties is through the light
path function, which boils down to minimizing the accu-
mulated phase differences over different paths. This model
was successfully employed for the initial design and bench-
marking of LCLS SXRSS [3]. In this section we review
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Figure 1: LCLS-II SXR self-seeding system layout (not to
scale). The electron beam is propagated through the chicane
while photon beam is sent onto the grating. The first diffrac-
tion order is apertured at the slit, propagated and refocused
onto the electron beam downstream [2].

this approach and extend it to the case of an ideal two color
grating at LCLS-II.

Fourier Optics Propagation Equations
We start with an initial time-dependent field at a source

point 𝐴 at 𝑧 = 0 m; see Fig. 1. The Fourier transform into
the frequency domain is 𝐸𝐴(𝜔, 𝑥, 𝑦) = ∫ ̄𝐸𝐴(𝑡, 𝑥, 𝑦)𝑒𝑖𝜔𝑡𝑑𝑡.
The field is propagated through free space from point 𝐴 to
point 𝑃 on the grating with

𝐸𝑃(𝜔, 𝑥, 𝑦, 𝑧1) = 𝐸𝐴(𝜔, 𝑥, 𝑦) ∗ ℎ(𝜔, 𝑥, 𝑦, 𝑧1), (1)

where ∗ is the convolution operator and the classical Fresnel
propagator in paraxial approximation is

ℎ(𝜔, 𝑥, 𝑦, 𝑧) = 𝑘
2𝜋𝑖𝑧𝑒𝑖𝑘𝑧exp [𝑖 𝑘

2𝑧 [𝑥2 + 𝑦2]] . (2)

Here 𝑘 = 𝜔/𝑐. The effect of the grating is a phase transfor-
mation function 𝑇(𝜔, 𝑥, 𝑦) on the field modeled as

𝐸𝑔(𝜔, 𝑥, 𝑦, 𝑧1) = 𝐸𝑃(𝜔, 𝑥, 𝑦, 𝑧1)𝑇(𝜔, 𝑥, 𝑦), (3)

where 𝑇 = exp [𝑖ΔΦ𝑔]. Here ΔΦ𝑔 is the additional phase
accumulated at the grating. ΔΦ𝑔 includes the effects of the
grating dispersion, focusing, and higher order aberrations
that are not already part of the free-space Fresnel propagation
integral, but do appear in the complete diffraction theory of
the full light path.

The single color grating has a variable line spacing (VLS)
ruling pattern

𝑁(𝑥0) = 𝑁0 + 𝑁1𝑥0 + 𝑁2𝑥2
0, (4)
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Figure 2: Two color grating density across grating surface
assuming a 𝐷 = 250 𝜇m period, 𝛿𝑁/𝑁0 = 0.1%, 𝑁1 =
1.6 mm−2, and 𝑁2 = 0.002 mm−3.

where 𝑁(𝑥0) is the line density of the grooves as a function
of transverse coordinate on the grating. The phase tilt due
to the 𝑁0 grating ruling is

ΔΦ1,0 = [2𝜋𝑁0 − 𝑘(cos 𝜃𝑖 − cos 𝜃𝑑)]𝑥0. (5)

The linear density variation 𝑁1 introduces diffraction fo-
cusing to minimize deviations in the focus position at the
slit across the 250-1300 eV SXRSS tuning range, and the
quadratic variation 𝑁2 corrects for spherical aberration.

Since we follow a standard approach to grating theory, we
omit further details and refer the reader to the literature [3,
18, 19] for explicit higher-order terms that contribute to the
total phase ΔΦ𝑔 = ∑𝑖,𝑗 ΔΦ𝑖,𝑗.

In transport simulations through the SXRSS, we account
for the unequal incidence and diffraction angles by numeri-
cally resizing the wavefront at the grating location by a factor
𝑏 = sin 𝜃𝑖/ sin 𝜃𝑑, similarly to [3]. After the grating, the
light is propagated through the slit to the focusing mirror
location, M2. This is done again with a free-space Fres-
nel propagator. To include the effect of M2, one can again
analyze the light path function and calculate the tangential
and sagittal focusing terms ΔΦ2,0, ΔΦ0,2 as well as mirror
aberrations, see Ref. [3]. These fields are then used as seed
inputs into the XFEL codes genesis [20] and ginger [21]
for evaluation of the performance, with both codes showing
nearly identical results.

Two-color Flat Grating Equations
The condition ΔΦ1,0 = 0 yields the grating equation for

the primary wavevector 𝑘0 = 2𝜋/𝜆0,

cos 𝜃𝑖 − cos 𝜃𝑑 = 𝜆0𝑁0. (6)

Let us now consider a grating that has an alternating pattern
of groove densities 𝑁(1)

0 , 𝑁(2)
0 , 𝑁(1)

0 , 𝑁(2)
0 … in the 𝑥0 direc-

tion to produce two colors; see Fig. 2. In this case we can
describe the groove density in Eq. (4) as

𝑁(𝑥0) = 𝑁0 + 𝛿𝑁
2 𝑠𝑔𝑛 (sin 𝜅𝑥0) + 𝑁1𝑥0 + 𝑁2𝑥2

0. (7)

This square-wave pattern of switching between 𝑁(1)
0 and

𝑁(2)
0 has amplitude 𝛿𝑁 = 𝑁(2)

0 − 𝑁 (1)
0 and period 𝐷 =

2𝜋/𝜅. For 2𝑛𝜋 < 𝜅𝑥0 < (2𝑛 + 1)𝜋 the grating density is
𝑁0 + 𝛿𝑁

2 = 𝑁(2)
0 , while for (2𝑛 − 1)𝜋 < 𝜅𝑥0 < 2𝑛𝜋 the

grating density is 𝑁0 − 𝛿𝑁
2 = 𝑁 (1)

0 . Note that the VLS aspect

of the single color grating design is maintained. The two
color phase tilt is then

ΔΦ1,0 = [2𝜋𝑁0−𝑘(cos 𝜃𝑖−cos 𝜃𝑑)+𝜋𝛿𝑁𝑠𝑔𝑛 (sin 𝜅𝑥0)]𝑥0.
(8)

The modified two-color grating equation is then:

cos 𝜃𝑖 − cos 𝜃𝑑 = 2𝜋
𝑘 (𝑁0 ± 𝛿𝑁

2 ) . (9)

Such a grating sends the first diffraction order of two
wavevectors into the same diffraction angle. We can de-
fine wavenumbers 𝑘1 and 𝑘2 that satisfy the modified grating
condition for the groove densities 𝑁0 − 𝛿𝑁

2 = 𝑁 (1)
0 and

𝑁0 + 𝛿𝑁
2 = 𝑁 (2)

0 respectively. At the common diffraction an-
gle the relative line density difference equals the total color
separation,

𝛿𝑁
𝑁0

= 𝑘2 − 𝑘1
𝑘0

= 𝛿𝜔
𝜔0

. (10)

To seed and amplify two colors, the relative difference
in line densities should be less than the relative incoming
RMS SASE bandwidth 𝜌. The typical FEL parameter for
SXR operations is 𝜌 ≈ 2 × 10−3, which yields a FEL band-
width of about 1 eV for the operational photon wavelength
range. At this close separation, the VLS terms of the single
color grating are sufficient to preserve baseline focusing and
aberration correction for both colors.

It is important to note that the ruling of the individual
stripes 𝑁(1)

0 and 𝑁(2)
0 should be phase-locked across the

grating to maintain good seeding into both colors, including
the VLS. Further, the periodic stripe ruling also produces
frequency sidebands in the diffracted output. These side-
bands can lie within the seeded FEL bandwidth to produce
additional colors if 1/𝐷𝑁0 < 2𝜌. To preserve the pure two
color mode, this compels making 𝐷 small enough to push
the sidebands outside the FEL bandwidth, or to dither the
stripe widths to wash out sidebands. Either way, this must be
balanced with the practical aspect of minimizing the impact
of the transition region due to manufacturing between stripes
if 𝐷 is made too small. Assuming a transition region of about
10 𝜇m, this gives a range of about 𝐷 = 100 − 400 𝜇m with
a target of 𝐷 = 250 𝜇m for the SXRSS parameters.

Figure 3: Single- and dual-color seed intensity comparison
with 𝜎𝜔 = 25.5 meV grating bandwidth (at 310 eV) in the
spectral (left) and temporal (right) domains. The dual-color
field was produced from an average of SASE pulses gener-
ated upstream of the grating.
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The two seed colors interfere in the time domain to
produce an intensity modulation with period 2𝜋/𝛿𝜔 =
2𝜋𝑁0/𝜔0𝛿𝑁, which ranges from about 14 fs at 300 eV to
3.5 fs at 1200 eV for 𝛿𝑁/𝑁0 = 0.1%. We note that the rela-
tive phase difference between the two colors may fluctuate
shot-to-shot due to the random phases of incoming the SASE
spikes. Operating with the enhanced self-seeding technique,
the relative phase jitter will be drastically suppressed [12].

TWO-COLOR GRATING EXAMPLE
CALCULATION AND XFEL

SIMULATIONS
We now investigate some practical aspects of our proposed

two-color system via numerical simulations. We set the
square-wave period to 𝐷 = 250 𝜇m and 𝛿𝑁=1.123 lines/mm.
The rest of the grating and optical transport parameters are
chosen to be identical to the single color design [1–3]. An
example simulation using 310 eV photons (𝜆0 =4 nm) aver-
aged over multiple genesis SASE shots is shown in Fig. 3.
As predicted by Eq. (10), the separation between the two col-
ors is 0.31 eV at 310 eV with a 𝛿𝑁/𝑁0 = 0.1% line density
variation.

In the XFEL seed amplifier simulations we considered
LCLS-II beam with 1.5 kA, 0.4 MeV RMS energy spread
and 0.4 𝜇m emittance. The results of an example simula-

Figure 4: Ginger simulation of two-color seeding at 310 eV
(4 nm) with 0.31 eV separation in the exponential (top), pre-
saturation (middle) and post-saturation (bottom) regimes.
Temporal pulse front is to the left.

tion with ginger on an ideal 65 fs tophat beam profile are
presented in Fig. 4. The temporal fringe spacing from Fig.
3 was used for seeding at the 50 kW level. In the initial
stages of amplification, the FEL behaves as a linear ampli-
fier, mimicking the seed pulse shape; see Fig. 4 (top). As
the FEL process starts to saturate (Fig. 4, middle), nonlinear
growth reduces the fringe contrast, while radiation slippage
effects shorten the temporal spike duration. Finally, in the
post-saturation regime (Fig. 4, top), the pronounced spikes
become about 1 fs FWHM in duration. Depending on the
required application, we note that the number of temporal
spikes can be adjusted in principle by manipulating the elec-
tron beam length, as afforded by the seed pulse duration. In
addition, increasing the photon energy will result in larger
absolute two-color separation, and per 2𝜋𝑁0/𝜔0𝛿𝑁, will
reduce the temporal spike durations. We further point out
that the residual SASE pedestal between the temporal spikes
in the post-saturation regime may be further reduced with
tapering and the use of phase-shifters. This is an ongoing
study and the results will be reported elsewhere.

SUMMARY
We have presented a design for two-color SXR grating,

containing an alternating pattern of grove densities. We
explored theoretically and numerically the grating properties,
as well as the final seeded XFEL performance. We note that
our scheme is not limited to two frequencies and can be
extended to multiple-color seeding.
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