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Abstract
PAL XFEL (Republic of Korea) is being planned to be op-

erated in the self-seeded mode in a 3-keV to 10-keV photon
spectral range. Monochromatization of x-rays in the self-
seeding systemwill be achieved by forward Bragg diffraction
(FBD) from two diamond single crystals in the [100] and
[110] orientations (one at a time). We present results on the
optical and engineering designs, on the manufacturing, and
on the x-ray diffraction topography characterization of the
diamond double-crystal systems for the FBD monochroma-
tor.

PHYSICAL REQUIREMENTS AND
OPTICAL DESIGN

Seeded x-ray free-electron lasers (XFELs) [1, 2] generate
fully coherent x-rays with a well-defined spectrum and high
spectral flux. A hard x-ray self-seeding scheme uses x-rays
from the first half of the FEL system (electron beam in a
magnetic undulator system) to generate radiation by the
self-amplified spontaneous emission process and seed the
electron bunch in the second half of the FEL system via an
x-ray monochromator [3,4]. PAL XFEL [5] plans the hard x-
ray self-seeding system operating in the spectral range from
3 keV to 10 keV, to be installed and commissioned in 2018.
The concept of the system is based on the LCLS design
[1], which utilizes the one-crystal forward Bragg diffraction
(FBD) x-ray monochromator proposed at DESY [4].

X-rays in Bragg diffraction from a crystal, see Fig. 1, are
emitted with a time delayed t upon excitation with an x-ray
pulse and subsequent multiple scattering in the crystal either
at a Bragg angle θ to the reflecting atomic planes (indicated
in blue) or in the forward direction (in red). The FBD time
response of an x-ray-transparent crystal, such as diamond,
can be presented by the analytical expression [6, 7]
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where T0 is the FBD time constant, see Fig. 1(c), Λ̄(s)H is the
extinction length (a Bragg reflection invariant), H = (hkl)
is the Bragg diffraction vector, d is the crystal thickness, η
is the asymmetry angle between the crystal surface and the
reflecting atomic planes, c is the speed of light, and J1 is the
Bessel function of the first kind. The FBD time response is
shown by the red line in Fig. 1(c) for a particular case. The
FBD photons are concentrated within a spectral bandwidth,

∆E0 =
~

πT0

, (3)

see Fig. 1(b), which is typically larger than ∆EH =

∆E0 (2πΛ̄
(s)
H /d), the spectral width of BD, see Fig. 1(a).

The first trailing maximum of the FBD time response
appears at time delay ts = 26T0 , see Fig. 1(c), and its duration
is ∆ts = 16T0 (assuming t � T

d
). The intensity, delay,

duration, and monochromaticity of the x-ray photons are
defined by the single parameter T0 . For efficient seeding, we
require that the peak of the electron bunch is delayed by ts , to
overlap with the first trailing maximum. The optimal delay
is ts = 20 − 25 fs. As a result, the FBD monochromator
crystal parameters d, Λ̄(s)H , θ, and η should be chosen such
that T0 ' 0.75 − 1 fs.

An x-ray pulse emanating from the crystal in FBD is not
only delayed, it experiences also a lateral shift [6, 7]

x = tc cot θ , (4)

proportional to the time delay t schematically shown in the
left graph of Fig. 1. To ensure efficient seeding, the lateral
shift xs at the time delay ts should be much smaller than the
electron beam size, which is ' 25 µm (rms) for PAL XFEL.
A practically important question for the fabrication of

the FBD monochromator crystals is an admissible angular
spread ∆θA of the crystal lattice deformation due to crystal
defects or mounting strain. From Bragg’s law E = EH sin θ
(EH = hc/2d is a backreflection photon energy) the varia-
tion δE of the peak reflectivity in BD and of the FBD spectral
function with angle is δE = EH δθ cos θ. If we require that

38th International Free Electron Laser Conference FEL2017, Santa Fe, NM, USA JACoW Publishing
ISBN: 978-3-95450-179-3 doi:10.18429/JACoW-FEL2017-MOP001

Seeded FELs
MOP001

29

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

18
).

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.



η

θ

0.0

0.2

0.4

0.6

0.8

1.0

-0.2 0.0 0.2

10
-2

1

10
2

0 50 100 150 200 250

E − Ec [eV]

|R
0
H
(E

)|2

∆E
H

t [fs]

|G
0
H
(t
)|2

|G̃
0
0
(t
)|2 d = 0.1T0

T
Λ

ts

E − Ec [eV]

|R
0
0
(E

)
−

R
0
0
(∞

)|2

∆E0

(a) (b) (c)

Figure 1: Schematic of Bragg diffraction (BD) and forward Bragg diffraction (FBD) of x-rays from a crystal (left). Examples
of energy dependences of x-ray reflectivity |R0H (E)|

2 in BD (a) and in FBD |R00 (E) − R00 (∞)|
2 (b) from a diamond crystal

in the (400) Bragg reflection, Ec = 8.33 keV, θ = 56.6◦, η = 0◦, d = 0.1 mm. (c) Intensities of the corresponding time
dependencies of crystal response to an excitation with an ultra-short x-ray pulse in BD |G0H (t)|

2 (blue) and in FBD |G00 (t)|
2

(red).
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Figure 2: Bragg diffraction and forward Bragg diffraction scattering configurations shown together with diamond crystal
and x-ray seed parameters in a E = 3.3 keV to E = 10 keV photon spectral range.

such variation should not exceed 5% of the FBD spectral
bandwidth ∆E0 , we obtain

∆θA = 0.32
∆E0

EH cos θ
. (5)

The spectral range of x-ray monochromatization from
6.9516 keV to 10 keV can be covered using the (400) Bragg
diffraction from a 100 µm-thick diamond crystal in the [100]
orientation. Figure 2(bottom) shows scattering geometries

for different photon energies E , and calculated values of the
FBD characteristic time T0 , time delay of the first trailing
maximum ts , time-averaged spectral bandwidth ∆E0 of the
seed, lateral shift xs at t = ts , and the admissible angular
broadening ∆θA . For all photon energies, the T0 , ts , xs , and
∆θA values are in the desired range. Seeding at photon
energies higher than 10 keV may also work, however, with
lower efficiency because of too large xs and too small ∆θA .
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The spectral range from 4.916 keV to 7 keV can be covered
using the (220) Bragg diffraction, see Fig. 2(center) from a
diamond crystal in the [110] orientation. However, because
of a much smaller Λ̄(s)220 = 1.98 µm, a much thinner crystal
with d = 30 µm has to be used to ensure the required T0 .

Using the (111) asymmetric Bragg reflection from the
same crystal, see Fig. 2(top), the monochromatic seed in
the spectral range from 3.3 keV to 5 keV can be generated.
However, a twice smaller Λ̄(s)111 = 1.09 µm for the (111) re-
flection, compared to that of the (220) reflection, results in
T0 values out of the optimal range. Seeding may still take
place, however, the electron bunch at the same delay will
overlap with the radiation field having a more complex time
structure (will overlap with the second and third trailing
maxima) and therefore a more complex spectrum.
The above analysis suggests using two crystals (one

at a time) a 100 µm-thick in the [100] orientation, for
monochromatization in the 7 to 10 keV range with the (400)
reflection, and a 30 µm-thick in the [110] orientation, for
monochromatization in the 5 to 3.3 keV range with the sym-
metric (220) and the asymmetric (111) reflections.

Because manufacturing a 30 µm-thick crystal and mount-
ing it strain-free is a challenge, a second back-up double-
crystal diamond system was planned with a 90 µm-thick
crystal in the [110] orientation.

ENGINEERING DESIGN AND
MANUFACTURING

The mechanical design of the double-crystal system has to
ensure (i) mechanically stable strain-free mount of the thin
diamond crystals, (ii) a good heat transport and heat sink of
the absorbed x-ray power by the crystals, and (iii) radiation-
safe XFEL operations. The latter means that no metal parts
are allowed within about 5 mm of the diamond crystals.
A toothbrush-type mechanical design of the one-crystal
FBD monochromator system for the LCLS self-seeding
monochromator [8] was used as a prototype for the present
design. Although it has proved to be viable, there were a
few issues with the LCLS design. The diamond crystal was
mounted in a graphite holder to comply with radiation safety
requirements. However, the heat transport in graphite is very
poor. Besides, the graphite holder does not allow easy and
reliable control of the crystal mounting strain. The present
design is aimed at keeping close to the LCLS standard and
improving the mentioned drawbacks.
The new design features include:
1. The two diamond single-crystal plates in two different

crystallographic orientations are mounted on a common
base.

2. The base is manufactured from polycrystalline dia-
mond grown with the chemical vapor deposition (CVD)
method, to ensure a good heat transport through GaIn
eutectic.

3. Thin graphite springs are used to press gently the di-
amond crystals to the base. Thin graphite springs are
softer than the thin perforated diamond springs applied

(a) (b)

1
2

3

5

4 4

Figure 3: Drawings of the diamond two-crystal system for
the FBDmonochromator. Front (a) and back (b) views of the
system are shown. Two diamond monochromator crystals
C*[100] - 1 - and C*[110] - 2 - are mounted on the CVD-
diamond base - 3 - using diamond posts and graphite springs
- 4. The CVD base is attached to the graphite holder - 5.

in [9] and are still radiation safe. The pressure on the
diamond crystals can be controlled by changing the
springs’ thickness. The diamond posts holding the
springs are now firmly attached to the CVD bases as
detailed in [10]. As a result, the crystals will still stay
in place even if the graphite springs fall out.

4. The CVD diamond base is attached to a graphite holder,
withmounting holes and dimensions equivalent to those
of the LCLS design.

5. The lower narrow facet of the base can be attached to a
heat sink.

Drawings of the diamond two-crystal system for the FBD
monochromator are presented in Fig. 3. The system has
a total length of 35.5 mm. The monochromator diamond
crystals (1) and (2) are ' 4 mm(H)×5 mm(V) each. They are
laser cut from the highest quality type-IIa diamond crystal
grown by the high-pressure high-temperature technique (see
[11] for references) and polished to a 5 nm (rms) surface
micro-roughness. The 19.6 mm × 6 mm and 0.75-mm-
thick supporting CVD base (3) is machined by laser cutting.
The monochromator crystals are attached to the CVD base
by an assembly (4) with diamond crystal posts, graphite
flat springs, and graphite wedges, as detailed in [10]. The
graphite springs thickness is in the ' 50 − 100 µm range.
Two diamond double-crystal systems manufactured ac-

cording to the design specifications and Fig. 3 drawings are
shown on in Fig. 4. The systems and all their components
were manufactured at Technological Institute for Superhard
and Novel Carbon Materials (TISNCM, Russia).

X-RAY DOUBLE-CRYSTAL
TOPOGRAPHY CHARACTERIZATION
The crystal quality of the monochromator diamond crys-

tals has been characterized by sequential x-ray Bragg diffrac-
tion topography. The technique measures Bragg reflection
images of a crystal with a pixel x-ray detector sequentially at
different incidence angles to the reflecting atomic planes of
well collimated x-rays. The angular dependences of Bragg
reflectivity (rocking curves) measured with each detector
pixel are used to calculate Bragg reflection maps of the angu-
lar widths of the rocking curves, and the maps of the center
of mass (COM) of the rocking curves are shown as color
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(I) (II)

C*[100]
100 µm

C*[110]
30 µm

C*[100]
100 µm

C*[110]
90 µm

Figure 4: Photograph of the diamond double-crystal systems I and II manufactured according to the Fig. 3 drawings. The
monochromator diamond single-crystal plates C* are attached to the CVD-diamond crystal bases. Both C*[100] crystals
(left in each system) are 100 µm thick. The C*[110] crystals (right in each system) are 30 µm and 90 µm thick, respectively.
All crystals are ' 4 × 5 mm2 in size.

(I) (II)

C*[100]
100 µm

C*[110]
30 µm

C*[100]
100 µm

C*[110]
90 µm

Figure 5: Photographs and Bragg reflection rocking curve color maps of the diamond FBD monochromator crystals. Shown
are color maps of the reflection angular widths (FWHM) and of the reflection angular positions. The graphs in the upper
row correspond to the crystals in the [100] orientation, while the bottom row graphs to the crystals in the [110] orientation.
The graphs on the left half belong to diamond double-crystal system I, while those of system II are on the right half. Red
rectangles on the maps indicate the working regions, featuring almost theoretical Bragg reflection widths and less than
1.5 µrad (rms) reflection position angular variations.

maps in Fig. 5. Microscopic defect structure can be derived
from the Bragg reflection images and Bragg reflection width
maps. Mesoscopic and macroscopic defects or crystal strain
can be best evaluated from the COM maps.

We have used a sequential x-ray diffraction topography
setup at 1-BM X-ray Optics Testing Beamline at the Ad-
vanced Photon Source (APS, USA) [12]. The setup em-
ploys a nearly-nondispersive double-crystal Si(531)-C*(400)
Bragg diffraction arrangement to characterize diamond crys-
tals in the [100] orientation, and a Si(111)-C*(220) arrange-
ment to characterize diamond crystals in the [110] orienta-
tion. In each arrangement, the first crystal is an asymmetri-
cally cut high-quality silicon conditioning crystal, and the
second one is a diamond crystal under investigation. The
setup enables rocking curve mapping with a submicroradian
angular and 13 µm spatial resolution. The spatial resolution
is limited by the detector pixel size.

Figure 5 shows photographs and Bragg reflection rocking
curve color maps of the diamond FBD monochromator crys-
tals. Scales on the x- and y-axis in Fig. 5 correspond to the
detector coordinates. The crystals at the Bragg angle θ to
the detector plane therefore appear to be contracted in the
y direction by a factor of sin θ = 0.85 for the (400) Bragg
reflection from the diamond crystal (8.2 keV x-rays) and by

a factor of sin θ = 0.6 for the (220) Bragg reflection. The
maps were calculated using a dedicated code [13].

The double-crystal x-ray topography reveals that the crys-
tals in working areas of 2 mm(V)×2 mm(H) indicated in
Fig. 5 by red rectangles are almost flawless, with the reflec-
tion width close to the theoretical values and the mounting
strain . 1.5 µrad (rms), well below the admissible ∆θA val-
ues given in Fig. 2. It should be noted however, that as
manufactured 30 µm thin crystals in the [110] orientation
featured much larger strain. The strain has been reduced
substantially by annealing the crystal for 3 hours in a muffle
furnace in air at a temperature of 920 K, as described in [14].
Although the crystal surface became more rough and the
crystal optically less transparent after annealing, no prob-
lems are expected regarding its performance as the x-ray
FBD monochromator.

CONCLUSIONS
A double-crystal system composed of a 100 µm-thick di-

amond crystal in the [100] orientation and a 30 µm-thick
diamond crystal in the [110] orientation mounted on a com-
mon CVD-diamond base was designed and manufactured
for use as a forward Bragg diffraction monochromator in
the 3.3 keV to 10 keV spectral range of the self-seeded PAL
XFEL. A second back-up system was manufactured with a
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thicker (90 µm) diamond crystal in [110] orientation. The
crystals are mounted in a mechanically stable fashion using
diamond and graphite components, ensuring proper x-ray
monochromatization, heat transport, mechanical stability,
and radiation-safe XFEL operations. The double-crystal x-
ray topography revealed that the crystals in a working area of
about 2×2 mm2 are almost flawless and the mounting strain
is . 1.5 µrad (rms), i.e., well below the admissible values.
We expect that the monochromator crystals will perform
close to the design specifications.
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