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Abstract
We have previosuly shown that we can generate near TW,

15 fs duration, near transform limited X-ray pulses in the 4 to
8 keV photon energy range using the LCLS-II copper linac,
two electron bunches, a 4-crystal monochromator/delay line
and a fast transverse bunch kicker. The first bunch generates
a strong seeding X-ray signal, and the second bunch, initially
propagating off-axis, interacts with the seed in a tapered am-
plifier undulator, where it propagates on axis. In this paper,
we investigate the design of the 4-crystal monochromator,
acting also as an X-ray delay system, and of the fast kicker, in
preparation of the implementation of the system in LCLS-II.

INTRODUCTION
The Double-Bunch FEL (DBFEL) is a method to generate

high power and brightness in an X-ray FEL. In this scheme,
shown in Fig. 1, the first bunch generates a high power
SASE signal, near to saturation value, in the first undulator
section and is not used in the second undulator section. The
second bunch is seeded at the entrance of the second tapered
undulator section by the high power SASE signal, filtered
by a four crystals monochromator, also acting as a delay
line. A transverse kicker is used to put the second bunch
in oscillations around the undulator axis in the first section
to avoid lasing. The kick is compensated to propagate the
second bunch on axis in the second tapered section.

This concept was first considered to improve the perfor-
mance of European XFEL and LCLS in Refs [1–3]. The
overall design of the DBFEL at LCLS-II has been outlined
in [4, 5]. A similar configuration using the second bunch as
a fresh bunch with an ultra-fast kicker has been analyzed in
the context of self-seeding and harmonic lasing in Ref. [6].
The experimental demonstration of fresh bunch self-seeding
in a single bunch was also reported in Ref. [7].

Over the years of LCLS operations, electron beams con-
taining multiple bunches separated by a few RF-buckets
have been routinely created in LCLS CuRF linac [8–11]. It
was previously demonstrated the DBFEL configuration of
LCLS-II HXR undulator gives high peak power and high
brightness X-rays in the photon range of 4 to 8 keV [4].
In this proceeding, we provide an update on DBFEL four
crystal monochromator design, ultra-fast kicker and XFEL
performance.

DBFEL NUMERICAL SIMULATIONS
The LCLS CuRF beamline is simulated using the code

elegant [12], to evaluate the effects of the wakefields in the
linac and bunch compressors. The particle distribution is
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Figure 1: DBFEL schematics: two bunches with 0.7 - 1.05
ns separation are used to generate a high power seed on the
second cold bunch at the entrance of the tapered amplifier.

then converted and passed to the FEL code genesis [13]
running in time-dependent mode. For tapering studies, we
utilize the technique described in [4]. In our simulations,
the two bunches are considered to be identical, with 4 kA
peak current and 15 fs quasi-flat top profile. We note that
optimizing start-to-end beam and optimum taper profile for
the amplifier section is a subject of an ongoing study.

FOUR CRYSTAL MONOCHROMATOR
An important part of the DBFEL system is the four crystal

monochromator, presented in Fig. 2, that provides narrow
bandwidth for double bunch seeding, and matches the delay
Δ𝜏 between the two bunches. Currently, the monochroma-
tor is planned to be installed in the same chicane with the
proposed LCLS-II RAFEL project, limiting its horizontal
size to 𝐿 = 0.67 cm.

In order to proceed with the design of the four bounce
monochromator, let us discuss a few salient parameters of
this device. We first start with the location of the monochro-
mator in the undulator beamline. LCLS-II HXR undulator
is built with 33 sections, each 3.6 m long, separated by a
0.4 m of free space. Two empty slots at U8 and U 15 are
available for self-seeding chicane installation.

LCLS-II HXR undulator currently has two empty slots
at U8 and U15 locations available for self-seeding chicanes
installation. Figure 3 displays gain curves of different photon
energies in the SASE section. 4 keV case saturates after 8
undulators, while 8 keV case continues to grow exponentially
until U12 location. At the next empty slot at U15 both 4 keV
and 8 keV photon energies are saturated. Thus, we conclude
that a SASE section of 8 undulators provides more seeding
power for DBFEL. We note, that ultimately, experimental
electron beam parameters and HXR gain length should be
the key factors that determine the location of the DBFEL four
crystal monochromator. These measurements are planned
shortly after LCLS-II HXR undulator commissioning.
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Table 1: C*(111) Parameters in 4-8 keV Photon Energy
Range

Parameter Units Photon energy Value
Bragg angle deg. 4 keV 48.8
Darwin width 𝜇rad 4 keV 69.4
Extinction length 𝜇m 4 keV 2.9
Bandwidth ⋅10−5 4 keV 6.1
Bragg angle deg. 8 keV 22.1
Darwin width 𝜇rad 8 keV 24.3
Extinction length 𝜇m 8 keV 5.8
Bandwidth ⋅10−5 8 keV 6.0

The monochromator uses diamond crystals to provide
a narrow bandwidth and avoid complex thermal manage-
ment [4]. We opt to select C*(111) diamond crystals as the
best option for 4-8 keV energy range. C*(111) parameters
are given in Tab. 1. The monochromator bandwidth is de-
termined by the Darwin width, which is plotted in Fig. 4.
Darwin curves were produced in XOP program [14].

The choice of diamond reflection also defines the geom-
etry of the monochromator via the value of Bragg angle
𝜃. Simple kinematic calculations yield the following equa-
tions for monochromator crystals’ coordinates. Let us de-
note the distance between two upper crystals by 𝐿. Then
the separation between two lower crystals is determined by
Δ𝑧 = 𝐿 − 𝑐Δ𝜏(cot2 𝜃 − 1)/2, and the lateral displacement
by ℎ = 𝑐Δ𝜏/2 tan 𝜃. In addition, the bandwidth is defined
by Δ𝜔/𝜔 = −Δ𝜃/ tan 𝜃, where Δ𝜃 is the Darwin width.
See Fig. 2.

Thus, driven by the space limitations and four crystal ge-
ometry, we determine the optimum double bunch separation
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Figure 2: Four crystal monochromator layout (top) and loca-
tion in the chicane (bottom). Two upper crystals stay fixed,
while two lower crystals move in 𝑋𝑌 plane. See Ref. [15,16]
for the description of the RAFEL project.
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Figure 3: Start-to-end simulation of the SASE section XFEL
power as a function of distance for different photon energies.

−100 −50 0 50 100
θ − θB (µrad)

0.0

0.2

0.4

0.6

0.8

1.0

s-
p

ol
ar

iz
ed

1-bounce

4-bounce

−40 −20 0 20 40
θ − θB (µrad)

0.0

0.2

0.4

0.6

0.8

1.0

s-
p

ol
ar

iz
ed

1-bounce

4-bounce

Figure 4: Darwin width of C*(111) 4 keV (top) and 8 keV
(bottom) reflections for single and four bounces.

to be 2 RF buckets or Δ𝜏=0.7 ns, compared to previously
reported number of 3 RF buckets or Δ𝜏=1.05 ns. This cal-
culation is summarized in Fig. 5. Alternatively, one can
consider the next diamond Bragg reflection of C*(220) to
operate at higher photon energies, e.g. up to 12 keV, while
reducing the footprint of the monochromator. However, to
access 4 keV photons, we consider C*(111) as our primary
choice. C*(111) will be procured from Sumitomo Electric
and tested at Spring-8 facility in Japan.

We also note the existing nanopositioning stages have a
precision of about 20 nm, which translates into about ±0.2
fs error in total delay time Δ𝜏. We estimate the effect of
the angular pointing error via Δ𝜏 ∼ Δ𝜃/ cos 𝜃2 to be of the
order of 1 fs.

ULTRA-FAST KICKER
The performance of the DBFEL system is critically de-

pendent on the ability to control the orbits of two bunches.
Initially, first bunch has to propagate on axis in order to pro-
vide high power seeding signal. The second bunch has to be
put off axis before the SASE section enough to supress lasing.
This will be done with an ultra-fast transverse electromag-

39th Free Electron Laser Conf. FEL2019, Hamburg, Germany JACoW Publishing
ISBN: 978-3-95450-210-3 doi:10.18429/JACoW-FEL2019-THP071

Novel Concepts and Techniques
THP071

727

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I



25 30 35 40 45 50
Bragg angle (deg.)

0.2

0.4

0.6

0.8

1.0

U
p

p
er

cr
ys

ta
l

se
p

ar
at

io
n

(m
)

0.7 ns

1.05 ns

25 30 35 40 45 50
Bragg angle (deg.)

0.1

0.2

0.3

0.4

L
at

er
al

si
ze

(m
)

0.7 ns

1.05 ns

Figure 5: Four crystal monochromator size as a function of
Bragg angle for 2 and 3 RF buckets double bunch separation
and Δ𝑧 = 0.15 m.

Figure 6: A schematic view of vertical TEM kicker.

netic (TEM) kicker system. Similar kickers were designed
for high energy electron beams, including LCLS-II, albeit at
larger bunch separations. In the case of DBFEL, bunch the
separation is about 0.7 ns, approaching the rise time limit of
ultra-fast high voltage power supplies. As discussed above,
DBFEL can also operate with 1.05 ns or three RF-buckets
separation, in case practical implementation of the kicker
device does not provide required rise time stability.

The transverse kick required to suppress lasing in the
undulators is given by 𝜃𝐶 = √𝜆/𝐿𝑔, where 𝜆 is the radiation
wavelength and 𝐿𝑔 is the gain length [17]. This value is in
the order of 10 𝜇rad and is translated into about 60 keV/c
of transverse momentum at 6 GeV beam energy, thereby
determining the required TEM kicker strength. For a TEM
structure, kicker strength is given by

𝛼 = 2𝑉𝐿
𝑟

4
𝜋 sin 𝜓

2 , (1)

Table 2: TEM Kicker Specifications

Parameter Units Value
Voltage kV ± 10
Rise time ns <0.3
Flat top ns 3.5 ± 0.5
Pre-pulse - <2%
Impedance Ohm 50

Figure 7: TEM kicker voltage as a function of time.

where 𝜓 = 𝜋/3, 𝑉 is the voltage, 𝐿 is the length of the
TEM structure, 𝑟 is the structure radius and 𝜓 is the opening
angle [18]. Assuming TEM structure length of about 0.1 m
with aperture of 0.01 m, we obtain 3 kV of required voltage.

We then consider a TEM structure, as shown in Fig. 6,
with the specifications listed in Tab. 2. In this configuration,
high voltage pulse is applied on two vertical plates, filling
up TEM structure with EM field collinear with the beam
direction. Our initial experiments with pulser prototypes
show promising results for 5 kV peak voltage, 0.7 nsec rise
time on a 50 Ohm resistive load; see Fig. 7. Pulser power
supply design will be based on an employment of drift step
recovery processes in semiconductors.

SUMMARY
We have presented the design of two critically DBFEL

components: four crystal monochromator and ultra-fast
TEM kicker. We concluded that given the limitations of
the existing chicane design and CuRF wakefields, the sepa-
ration of 0.7 ns or two RF-buckets is optimal. This, however,
poses a strict constraint on the ultra-fast kicker’s rise time. To
solve the problem, we consider TEM structure, compatible
with existing ultra-fast high voltage power supplies.
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