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Abstract
FEL self-seeding has been demonstrated a great advan-

tage for the generation of a fully coherent and high bright-
ness X-ray pulse experimentally. Generally, transmission
monochromators with single crystal are adopted worldwide,
such as LCLS, PAL-XFEL and European-XFEL. Recently,
the self-seeding scheme based on a reflection monochroma-
tor with a double-crystal is proposed and demonstrated at
SACLA successfully. In view of several potential advan-
tages of the reflection type, here we give the proposal of
the reflection monochromator based self-seeding and enable
the application on the SHINE project. This manuscript is
mainly focus on monochromator schemes at SHINE, instead
of FEL simulations. We will present considerable schemes
based on the specific undulator line.

INTRODUCTION
A crystal monochromator is usually used on the beam line

of a light source for the achievement of a coherent hard X-ray,
which will be transport to the user experiment. The conven-
tional monochromator based on Bragg or Laue diffraction
(reflection) consists of double crystals or four crystals and the
consequent time delay is generally centimetre-scale. There-
fore, it is impracticable for hard X-ray self-seeding that a
centimetre-scale time delay requires temporal overlap with
a chicane with dozens of meters long.

The normal method of hard X-ray self-seeding is based on
a transmission monochromator with a single crystal, which
is about 100 𝜇m thick and the efficient wake delay is in the
10 𝜇m level [1]. Such time delay is suitable for a small
chicane between two undulator sections. Currently, it has
been demonstrated successfully at LCLS [2] and PAL-XFEL,
and European-XFEL is also in preparation. However, there
are several disadvantages that the monochromatic efficiency
is relatively low ( 0.1%), the heat-loading problem of the
crystal is relatively heavy and the processing technology of
the crystal ( 100 𝜇m thick) is quite challenging. Besides, the
transmission monochromator usually use the large incidence
angle (𝜋/4 − 𝜋/2), resulting in a small-scale and lower-
energy photon energy coverage.

Recently, a channel-cut crystal monochromator was pro-
posed based on the Bragg reflection with a slit gap of 90 𝜇m
and did experiment successfully at SACLA [3]. This reflec-
tion monochromator induces a time delay about 100𝜇m level
which is feasible for a 4 meter long chicane. Comparing
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to the transmission monochromator, the reflection one has
the following major advantages. First, its monochromatic
efficiency is 1 − 2 order of magnitude higher than the trans-
mission one. Second, the heat-loading effect is smaller than
the transmission one, which might be easy for the cooling
system. Third, the signal-to-noise ratio is better that only the
monochromatic pulse is injected into the following undulator,
instead of the transmission one with a powerful SASE signal
at the head of the pulse. Fourth, the processing technology
is relatively easier than the transmission one. Furthermore,
the reflection monochromator can use the small incidence
angle, and it can cover higher energy photon.

In the previous paper [4],we have proposed a transmission
scheme based on the SHINE project. In this manuscript, we
discuss the refection monochromator based on the SHINE
project. SHINE, Shanghai High Repetition Rate XFEL and
Extreme Light Facility consists of 3 undulators lines, and
self-seeding scheme is the basic scheme for each line. The
lines FEL1 will cover photon energy range of 5-13 keV by
the normal undulator and FEL3 will cover the range of 10-
15 keV by the superconducting undulator.

SCHEME PROPOSAL
Double-Crystal Monochromator

The basic double-crystal monochromator is shown in
Fig. 1, where the layout consists of two crystals and a beam
stopper. Mechanically, the so-called two crystals are not two
individual crystals but a channel-cut crystal. The beam stop-
per is pressed against the right edge of the first crystal which
is used to block the SASE pulse transmitting the crystal.

Figure 1: Reflection monochromator with double-crystal for
self-seeding.

The monochromator will induce a time delay Δ𝜏 and a
transverse offset Δ𝑥. The slit gap 𝐷 is assumed as 100 µm,
then Δ𝜏 and Δ𝑥 can be calculated as

Δ𝜏 = 𝐷
𝑐 sin 𝜃𝐵

(1 − cos 2𝜃𝐵) (1)
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Figure 2: Layout of the two-stage reflection hard X-ray self-seeding scheme at the SHINE.

Δ𝑥 = 2𝐷 cos 𝜃𝐵 (2)
where 𝑐 is velocity of light and 𝜃𝐵 is Bragg angle. As the
example of C111 symmetric diamond crystal, one can get
time delay and transverse offset with respect to Bragg an-
gle listed in Table 1. When the Bragg angle 𝜃𝐵 > 37∘, i.e.
𝐸𝑝ℎ𝑜 <5 keV, the time delay will be more than 100 𝜇m, the
transverse offset will cover 17-160 𝜇m. Besides, for a rela-
tively large Bragg angle, the processing technology of the
edge of crystal will be more challenging. Consequently, we
mainly consider relatively small angle which is still enough
to cover 5-13 keV of FEL1. The time delay is easy for a
small chicane, however, the transverse offset will impact on
FEL gain though a couple of correctors are large enough
to compensate the transverse offset. FEL simulations by
Genesis [5] are presented in Fig 3 and Fig. 4 with differ-
ent transverse offset from the central magnetic field plane.
Figure 3 shows the peak power evolutions which indicate
that the offset larger than 40 𝜇m is infeasible for FEL gain.
Figure 4 shows the deviation of the beam centre along the
long undulator that clarifies the reason of FEL degradation.

Table 1: Time Delay and Transverse Offset with Respect to
Bragg Angle for C111

𝐸𝑝ℎ𝑜(keV) 𝜃𝐵(deg) 𝑐Δ𝜏(m) Δ𝑥(m)

3.023 85.0 199.2 17.4
3.20 70.0 187.9 68.4
5.0 37.0 120.4 159.7
7.0 25.5 86.1 180.5
15.0 11.6 40.2 195.9
25.0 6.9 24.0 198.6

Figure 3: Self-seeding peak power with respect to the undu-
lator length 𝑧 with different offset of 𝑦.

Figure 4: Deviation of y with respect to the undulator 𝑧
length with different offset of y.

Feasible Schemes
It is clear that the beam offset from magnetic field central

plane of undulators impacts on FEL gain significantly. There
are several feasible methods to resolve this issue.

• First, moving the magnetic field centre of the undu-
lator downstream. Usually, we consider using gap-
adjustable planar undulator, which has been used in the
Line FEL1 of SHINE. As shown in Fig. 2, a cascaded
reflection self-seeding scheme includes two monochro-
mators with opposite directions. The magnetic field
centre of the second undulator section will be adjusted
according to the beam offset. The second monochro-
mator with opposite direction can make the trajectory
back to the initial one. However, this method does not
work on the gap-fixed undulator.

• Second, adopting two double-crystals in a monochro-
mator. This method can cancel the transverse offset
efficiently, and yet double the time delay. Certainly,
the time delay is still achievable for the inter-section
chicane. These two double-crystals are placed symmet-
rically in a same monochromator, but independent ad-
justable. This method is feasible for FEL self-seeding,
where the challenging aspect is manufacture process
and adjustment accuracy. It applies suitable for the
Line FEL3 of SHINE with superconducting undulator.

• Third, using p-polarized reflection. Generally, s-
polarized reflection (or transmission) is used in nor-
mal monochromator since the reflectivity of the s-
polarization is larger than the p-polarization one and
even the p-polarization reflectivity drops to zero when
being incident on an interface at Brewster’s angle. Nev-
ertheless, the reflectivity of the p-polarization is still

10th Int. Particle Accelerator Conf. IPAC2019, Melbourne, Australia JACoW Publishing
ISBN: 978-3-95450-208-0 doi:10.18429/JACoW-IPAC2019-TUPRB047

MC2: Photon Sources and Electron Accelerators
A06 Free Electron Lasers

TUPRB047
1793

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



the same order of the reflectivity of the s-polarization
as long as the incidence is far from Brewster’s angle,
which is much larger than the efficiency of the transmis-
sion case. For an planar undulator, the plane perpendic-
ular to the magnetic field has the same magnetic field
and high tolerance for beam position. This method is
quite considerable for self-seeding to avoid the vertical
offset.

Parameter Choice
Similar to the previous transmission scheme [4], the

diamond crystal is still preferred due to the heat-loading
strength. But in view of the processing technology, silicon
(Si) crystal might be easier than diamond (C) crystal, and it
is also worthy of consideration. Both of these two category
can cover the photon energy range from 5-15 keV.

Figure 5: FEL radiation before (blue) and after (red)
monochromator. Top-to-bottom: reflection by C111, trans-
mission by C111, reflection by C400 and transmission by
C400. Left: pulse power, right: Spectrum.

Figure 5 shows the 13 keV FEL pulses and spectra before
(blue) and after (red) diamond crystal monochromators with
different lattices. The code XOP2.4 is used here [6]. For
comparison, the transmission results are also presented here.
For C111 and C400, the reflection power is much higher
than the wake power of transmission. In view of reflection,

the reflection power of C400 is lower than the C111 one, but
with better coherence. In spite of several spikes of C111, the
bandwidth is still smaller than FEL gain dependent band-
width, which can be amplified next undulator section. For
a cascaded case, the first stage with C111 and the second
with C400 are possible ensuring a narrow bandwidth pulse
and low heat-loading of crystal. It is worth noting that the
smaller Bragg angle, more challenging for processing tech-
nology. Once insufficient accuracy of the crystal, the mono
pulse can not be achievable. For p-polarized reflection case,
the Brewster’s angle is 4.2 keV for C111 and 9.8 keV for
C400, it has to adopt the other lattice around these photon
energy. As an example of Line FEL3 with photon energy
of 10-15 keV, the range of lattice C220 should be 19∘-29∘

which would be better C400.

CONCLUSION
In this manuscript, we introduce the application of the re-

flection monochromator on the SHINE project, and present
the proposal to solve several important issues briefly. Three
methods concluding undulator moving, two double-crystals
and p-polarized reflection are proposed, respectively.Partic-
ularly,the Line FEL3 is worth to consider the p-polarized
reflection case due to the superconducting undulator with
fixed gap. In details, the crystal lattice should be chosen
based on the specific monochromator case and photon en-
ergy. It is a preliminary proposal of reflection hard X-ray
self-seeding at the SHINE project, and many advanced work
will be done next.
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