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Abstract

We propose to use existing LCLS copper S-band linac
double bunch infrastructure to significantly improve LCLS-
II hard X-ray performance. In our setup, we use the first
bunch to generate a strong seeding X-ray signal, and the
second bunch, initially traveling off-axis, to interact with
the seed in the amplifier undulator and generate a near TW,
15 fs duration X-ray pulse in the 4 to 8 keV photon energy
range. We investigate, via numerical simulations, the re-
quired transverse beam dynamics and the four crystals X-ray
monochromator to be added to the existing LCLS-II beam-
line and discuss the final properties of the hard X-ray pulses
and their potential application in high intensity, high-field
physics experiments, including QED above the Schwinger
critical field.

INTRODUCTION

Recent developments in laser technology will open the
avenue for previously unseen highly nonlinear regimes of
light-light, and particle-light interactions [1, 2]. At SLAC,
such experiments are planned at FACET-II facility using
the ultra-relativistic electron beam and a high power CO2
laser. Recent numerical studies revealed that in double-
bunch configuration one can significantly improve the X-ray
FEL power to TW scale by tapering the amplifier section [3–
9]. Furthermore, colliding TW X-ray pulse with GeV scale
electron beam, one can increase the electric field strength
in the electron rest frame by many orders of magnitude. To
provide even larger electric field, one may further reduce
the X-ray spotsize. For example, a 4 keV 1 TW X-ray pulse,
focused down to 10 nm spotsize, yields 1015 V/m, a value
similar to obtainable in a PW laser. When back-reflected and
collided with GeV-scale electron beam, the field gradient in
the electron rest frame is increased by a factor of γ or 104

times, providing maximum of 1019 V/m, above Schwinger
critical field (1.32 × 1018 V/m). In addition to high field
physics, TW X-ray pulses are required for single particle
imaging [10].

Recently X-ray focusing capabilities to single nm scale
have been extensively explored at SACLA using KB-mirrors
[11,12]. We envision this technique will be extended to high
power X-ray pulses in the near future, making the presented
study feasible. Such experimental infrastructure, when built,
would allow many new fundamental physics experiments,
previously impossible, and therefore owing the main moti-
vation for our research.

DOUBLE-BUNCH FEL (DBFEL)
In our proposed experimental scheme, shown in Fig. 1, we

consider two bunches generated at the photocathode, spaced
1.05 ns, or three RF-buckets, apart. The two bunch separa-
tion is determined by the real-estate constraints of the HXR
electron beam chicane; see Fig. 1. The two bunches are ac-
celerated and compressed using LCLS copper linac, to yield
15 fs flat-top bunch duration and 4 kA beam current. First
bunch is expended after lasing in the first 7 undulators, while
the second bunch, propagated initially off-axis, is overlapped
with the radiation field in the tapered amplifier section. We
will further refer to the system displayed in Fig. 1 as double-
bunch FEL or DBFEL. For the detailed description of the
DBFEL system, we refer the reader to [13]. The capability
of producing and accelerating two bunches with LCLS cop-
per linac has been repeatedly demonstrated in [14–16] for
bunch separation in range of 0.35-200 ns. Measurements
of the relative two bunch time jitter were done for different
separations and found to be less than 10 fs. An analysis of
a dataset for 50 ns bunch separation is presented in Fig. 2,
where we found the timing jitter to be 5.9 fs RMS.

NUMERICAL STUDIES OF DBFEL
The first step in studying the DBFEL is elegant simu-

lation of the LCLS Cu linac transport line, including linac
wakefields and compression [17]. The resulting electron
beam distribution is then converted and passed to the FEL
code genesis [18] wrapped into additional package for anal-
ysis and tapering optimization [19]. A detailed numerical
study, assuming given electron beam parameters, was done
in our recent paper [13]. Here we only give a brief summary
of the start-to-end simulation results.

After propagating through the SASE section (first 7 LCLS-
II HXR undulators), the maximum SASE power for 4 keV
photons is about 6 GW. It is then reduced to about 150 MW
after the C∗(111) monochromator and delayed and over-
lapped with the second bunch. Figure 3 illustrates the XFEL
power as a function of distance in the LCLS-II HXR undu-
lator for 4 keV photons.

With 1.05 ns separation, the second bunch is subject to
longitudinal and transverse wakefields introduced by the first
bunch. The effect of the longitudinal wakefield (monopole
kick) can be compensated by tuning the phase of the laser
at the photocathode [13, 14]. Transverse wakefield in the
leading order can be calculated by using an expression from
[20]: Wy(t) =

∑
2κy1n sin (2π f1nt)e−π f1n t/Q1n , where f1n

and κy1n are the modes’ frequencies and kick parameters
respectively, and Q1n ≈ 18000. A plot of the long-range
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Figure 1: Double bunch X-ray FEL (DBFEL) setup (top) and four-crystal monochromator schematics (bottom left). Long
range wakefield in LCLS copper linac as a function of bunch separation (bottom right).

Figure 2: An example of double bunch XTCAV image (left)
and a histogram of 200 images revealing an RMS relative
time jitter of 5.9 fs (right).

Figure 3: Longitudinal phase-space (LPS) of 4 kA 6 GeV
beam (left). XFEL peak power in DBFEL scheme for 4 keV
photons (right).

transverse wakefield kick is shown in Fig. 1. For a given
LCLS copper linac length it translates into 1 µrad transverse
slope of the second bunch induced by a maximum transverse
displacement of the first bunch of 0.1 mm. Left uncorrected,
with a betatron function of 20 m, it yields 20 µm maximum
displacement, comparable to the RMS spotsize of the second
bunch. However, since only one bunch needs to be on-axis
per undulator section, the displacement can be corrected with
dipole correctors, similar to split undulator schemes [21].

Figure 4: Instantaneous damage thresholds as a function of
XFEL photon energy. Dashed line is expected SASE FEL
performance.

FOUR CRYSTAL MONOCHROMATOR
Currently, LCLS-II HXR self-seeding scheme utilizes for-

ward Bragg diffraction as the seed X-rays. In this proceeding,
we consider four-crystal Bragg reflection monochromator
to perform double-bunch self-seeding [22]. A four-bounce
system offers high seed power due to high reflectivity of the
crystals, narrow bandwidth and tunability over large photon
energy range. We chose type IIa single crystal diamonds
with different lattice orientations to be accommodated in our
setup. Diamond crystals are more resilient than Silicon to
XFEL radiation damage, and provide better reflectivity in
the photon range of 4-8 keV. For nominal operation of the
four crystal monochromator, we consider the (1,1,1) lattice
orientation.

The time delay in the monochromator is given by a simple
relation c∆τ = 2h tan θ, where θ is the Bragg angle, and
h is the lateral size; see Fig. 1. The longitudinal distance
between two lower crystals is∆z = L−2c∆τ(cot2 θ/4−1/4).
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Figure 5: Cavity based DBFEL configuration, where the bunches are separated by 933 ns.

We note that in our setup the first crystal (C1) will be irradi-
ated with the full SASE bandwidth and absorb/transit 97%
of the XFEL power, estimated to be about 150 µJ per pulse.
Crystals C2-C4 will only be subjected to narrow bandwidth
radiation of 2-3% power level of the original pulse. In order
to keep radiation trajectory parallel to the beam propagation
direction, one has to ensure crystals C1-C2 are under iden-
tical thermal conditions and the effects of crystallographic
lattice thermal expansion are mitigated. We calculated the
instantaneous damage threshold that ensures the instanta-
neously delivered heat is below graphitization level of the
diamond. For comparison, we provide the same calculation
for Silicon in Fig. 4. The maximum delivered energy per
pulse for 4 keV photons is about 0.1 mJ, thus well under in-
stantaneous damage threshold for C∗. Our analysis suggests
that due to excellent heat conductivity and low absorption,
diamond crystals would operate under safe conditions at all
designed photon energies for 120 Hz repetition rate.

RECTANGULAR CAVITY-BASED
MONOCHROMATOR

In order to take advantage of full HXR undulator length,
we consider a scheme where crystal monochromator en-
compasses the entire undulator in a form of rectangular
cavity, identical to regenerative amplifier FEL (RAFEL)
scheme [24]; see Fig. 5. In this scheme, the X-ray photon
energy is determined by the Bragg angle for crystals in the
rectangular cavity to be equal to θ = 45◦00′.

Figure 6: Rocking curves obtained from XOP code [23] for
Diamond (1,1,1) at 4.2 keV (left), Diamond (3,1,1) at 8 keV
(center) and Diamond (4,0,0) at 9.8 keV (right).

Figure 7: XFEL spectrum and peak power in DBFEL rectan-
gular cavity monochromator for 8 keV and 9.8 keV photons.

Figure 6 shows rocking curves for 4.2 keV, 8 keV and
9.8 keV respectively. Note that tolerances in crystal align-
ment become significantly smaller due to Darwin width
reduction at higher photon energies; see Fig. 6. While cavity-
based DBFEL does not offer tunability, it can increase HXR
power. We confirmed this with numerical simulations; see
Fig. 7. In our simulations, the taper profile of HXR undu-
lator was fixed and optimized for the second bunch. First
bunch generated SASE in tapered undulator, and iteratively,
taper profile was improved. Electron beam parameters cor-
respond to the operational LCLS copper linac performance
(0.4 µm emittance, 4 kA peak current, and 2.5 MeV energy
spread). Figure 7 shows with a cavity-based monochromator
wrapping entire undulator yields up to 700 GW of XFEL
power in 8-9.8 keV photon energy range. This concept is a
topic of active research.

SUMMARY
In summary, we presented a scheme for generation of a

very high peak power X-rays in the photon energy range of
4-8 keV by increasing the seeding power with a four-crystal
C∗(111) monochromator delay line. Stronger seeding also
enhances the XFEL spectrum, as we pointed out in [13]. We
also considered a DBFEL scheme where entire undulator
is wrapped in a rectangular cavity, and confirmed it could
enable near-TW HXR pulses. The success of cavity based
monochromator is dependent on the implementation of the
outcoupling mechanism with the diamond, which is actively
investigated.
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