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A double-crystal diamond monochromator was recently implemented at the Linac Coherent Light
Source. It enables splitting pulses generated by the free electron laser in the hard x-ray regime and
thus allows the simultaneous operations of two instruments. Both monochromator crystals are High-
Pressure High-Temperature grown type-IIa diamond crystal plates with the (111) orientation. The
first crystal has a thickness of ∼100 μm to allow high reflectivity within the Bragg bandwidth and
good transmission for the other wavelengths for downstream use. The second crystal is about 300 μm
thick and makes the exit beam of the monochromator parallel to the incoming beam with an offset
of 600 mm. Here we present details on the monochromator design and its performance. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4880724]

I. INTRODUCTION

The successful operation of x-ray Free Electron Lasers
(FEL) in the hard x-ray regime opened up the possibility
of a broad spectrum of new experiments.1, 2 Numerous ap-
plications in atomic physics, astrophysics, condensed matter
physics, material science, chemistry, and biological sciences
have already generated a plethora of interesting observations
and novel measurement techniques that will have long-lasting
impact to the scientific community.3–14 The growing enthu-
siasm in the application of x-ray FELs is reflected in the
continuous increase in the number of experiment proposals
requesting beamtime. Currently, with a single undulator in
operation, only a single instrument at a time can perform
an experiment. This limits the total number of experiments
and raises the operation cost per experiment considerably
as compared with synchrotron sources where several tens of
beamlines, each with its own independent insertion device,
operate simultaneously.

The concept of splitting x-ray beams with thin diamond
crystals to allow simultaneous experiments has been previ-
ously implemented at the Troika beamline at the European
Synchrotron Radiation Facility15 and the Hyogo beamline at
SPring-8.16 A similar scheme was incorporated in the instru-
ment design and layout of the Linac Coherent Light Source
(LCLS) from the very beginning, as shown in Fig. 1. Two
Large Offset Double-Crystal Monochromators (LODCMs)
were engineered, manufactured, and installed (JJ X-Ray, Den-
mark) along the hard x-ray beamline: one in the X-ray Pump
Probe (XPP) instrument hutch in the Near Experiment Hall

a)Author to whom correspondence should be addressed. Electronic mail:
dlzhu@slac.stanford.edu

(NEH) and the other in the X-Ray Tunnel (XRT) between the
NEH and the Far Experimental Hall (FEH). Both LODCMs
are designed to provide a monochromatic beam to an instru-
ment with a 600 mm offset from the main beam. The beamline
components of the XPP instrument and the X-ray Correlation
Spectroscopy (XCS) instrument can all be translated for op-
eration in their offset positions.17 Si(111) crystal pairs were
installed and commissioned for both LODCMs since 2011
and are regularly used in experiments that required a narrower
bandwidth for energy and q resolution, or longitudinal coher-
ence considerations.18 This also provides flexibility in experi-
ment scheduling as the switching between experiments in dif-
ferent hutches can be simply done by inserting the crystal at
the press of a button rather than shifting the whole instrument
in and out of the pink beam path, which typically takes sev-
eral hours. With a high quality thin transmissive crystal as the
first LODCM crystal as shown in Fig. 2, two branch lines,
one pink and the other monochromatic, can be used to allow
simultaneous experiments in different hutches and thereby in-
crease available beamtime. The LODCM in XPP can then al-
low simultaneous experiments in XPP with any of the three
instruments located downstream in the FEH: (i) to XCS by
using the LODCM located in the XRT; (ii) to the Coherent X-
ray Imaging (CXI) instrument;19 (iii) to the Matter in Extreme
Conditions (MEC) instrument by inserting the MEC mirror
in the beampath. The second LODCM in the XRT splits the
beam between XCS and CXI, potentially enabling three si-
multaneous experiments.

Silicon was initially considered as a candidate for the
beam-splitting crystal as it was easily accessible in different
orientations. Mature fabrication processes exist to thin and
polish them with minimal impact to the crystalline quality.

0034-6748/2014/85(6)/063106/7/$30.00 © 2014 AIP Publishing LLC85, 063106-1
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MEC

CXI
XCSXPP mirror for MEC

Near Experimental Hall Far Experimental HallX-ray Tunnel

LODCM LODCM

FIG. 1. LCLS hard x-ray instrument layout. The XPP LODCM is located in the NEH. The XCS instrument LODCM is located in the XRT. The three instruments
in the FEH are XCS, CXI, and MEC.

However, due to its higher Z, thus larger absorption cross
section at the typical LCLS hard x-ray photon energy range
of 4–10 keV, a crystal thickness on the order of 5–10 μm
is needed to provide reasonable transmission (>50%). This
leads to mechanical rigidity issues arising from the impul-
sive energy deposition of the 120 Hz FEL pulses and the
sequential thermal expansion and relaxation. Severe distor-
tions were observed in the diffracted beam profile when the
crystal was illuminated with FEL pulses at milliJoule (mJ)
levels.20 Diamond (C∗) on the other hand was always an at-
tractive option thanks to its lower absorption cross section,
superior thermal conductivity, and lower thermal expansion
coefficient. The challenge as previously discovered at 3rd
generation synchrotron sources is in the crystal growth, the
thin crystal plate fabrication, and mounting.21–23 In order to
maximize the photon flux in the monochromatic branch, the
(111) orientation is preferred, which happens to be a more
difficult orientation to fabricate and polish than (100) and
(110) with low miscut. Recent improvements in High Pressure
High-Temperature (HPHT) synthesis processes have shown
promising results in improved crystal quality.24–29 A set of
diamond crystals of the (111) orientation, mounted on an
all-diamond mounting frame assembly, was prepared by the
Technological Institute for Superhard and Novel Carbon Ma-
terials (TISNCM, Troisk, Russia). They were characterized
and optimized at the Advanced Photon Source (APS, Ar-
gonne, IL) by high resolution topography and then installed
in the XPP LODCM for splitting the FEL beam. In this paper,
we report the performance of this beam-multiplexing thin-
diamond monochromator.

II. MONOCHROMATOR DESIGN

The LODCMs use a symmetric double Bragg reflec-
tion geometry similar to the LOM1250 installed at the P08

monochromatic
branch

pink branch

thick diamond

thin diamond

600 mm
crystal tower 1

crystal tower 2

diagnostics
tower

FIG. 2. Top view of the symmetric diffraction geometry of the LODCM. The
red solid line indicates the main LCLS (pink) branch. The black solid line in-
dicates a monochromatic branch configuration delivering the beam to XPP.
The dashed lines show two other potential monochromatic configurations de-
livering higher and lower photon energies to XPP.

instrument30 at PETRA III. However, instead of vertically
offsetting the beam, a horizontal diffraction geometry was
chosen to allow the beamline components in XPP and XCS,
mounted on horizontal translation rails, to be easily translated
into either the pink or the monochromatic branch. As shown
in Fig. 2, the fixed 600 mm beam offset is achieved by two
Bragg reflections.

In this symmetric design, the diffracted beam from the
first crystal always passes through the center of symmetry of
the LODCM chamber, where beam diagnostics are installed
for alignment and calibration purposes. The crystal towers 1
and 2 both provide the necessary degrees of freedom in trans-
lation and rotation for positioning and orienting each crys-
tal. Additional motions allow different crystals or different
parts of the same crystal to be translated into the operating
position. The diagnostic tower at the center of symmetry of
the chamber incorporates features to ensure correct alignment
and calibration. A set of horizontal and vertical slits can be in-
serted to ensure the first reflection travels through the center of
symmetry and also at the correct beam height. There is also a
scintillator screen for beam profile inspection. A set of energy
calibration filters (Mn, Fe, Ni, Cu, Zr, etc.) are mounted on
a filter wheel. A motorized diode behind the filter wheel can
be used for spectrum measurements in either transmission or
fluorescence mode to calibrate the absolute photon energy.

Currently, two pairs of crystals are installed and com-
missioned in the XPP LODCM: a pair of thick Si(111) crys-
tals and a pair of thin C∗(111) crystals. The arrangement is
shown in Fig. 3 for the first crystal tower. Both Si crystals have

working area

silicon (111)

2 mm

FIG. 3. Photo of the first crystal tower in operation with the thin diamond
crystal in the FEL beam. The silicon crystal sits above as indicated. Inset is a
magnified view of the diamond crystal while illuminated by x-rays, with the
working area indicated by the dashed area.
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dimensions of 20 × 12 × 9 mm3. Both diamond crystals have
lateral dimensions of about 5 × 5 mm2 with a 2 × 4 mm2

working area. The blue color of the diamond as seen in Fig. 3
originates from the x-ray induced luminescence of impurities
in the diamond crystal, from which growth sectors with differ-
ent impurity concentrations can be identified.24 The diamond
luminescence can be used to identify the location of the beam
on the crystal and help the initial alignment. The first dia-
mond crystal has a thickness of ∼100 μm and the second of
∼300 μm. The accessible diffraction angle is determined by
the length of the two linear translation rails at the base of the
crystal towers. An angular range of 14◦–90◦ can be reached,
corresponding to energy ranges of 3–16 keV and 4–25 keV for
Si(111) and C∗(111), respectively. Due to the horizontal lin-
ear polarization of the LCLS beam, the diffraction efficiency
drops significantly when approaching 90◦ diffraction angle.
The typical hard x-ray energy range of the LCLS fundamen-
tal wavelengths that are used in experiments (5–11 keV) is
well covered by both crystal sets.

Even if LCLS delivers pulses with energy up to a few
mJ at 120 Hz repetition rate, the beam presents a relatively
moderate average thermal load on the first crystal (<1 W).
Therefore, no active cooling was implemented for any crys-
tals. However, fluctuations in FEL output pose a big challenge
for the stability. Beam pointing drifts in the monochromatic
branch on the order of 1–2 μrad were observed when using
both Si or C* crystals. The observed drift is strongly corre-
lated with the FEL output level, which is by far less stable
comparing to the synchrotron sources. For example, the beam
can go down for a few seconds or minutes due to a linac issue,
and the brief outage will then cause a beam pointing shift of
1–2 μrad after the beam is recovered. The pointing could then
take a few minutes to reach the previous location as thermal
equilibrium is reestablished. The pointing is much more sta-
ble when the FEL output remains at a steady level. To date,
the level of drift has been acceptable for most user experi-
ments requesting monochromatic beam. When higher degree
of beam stability is required, the experiment can be sched-
uled to run in the pink branch with a standard channel cut
monochromator.

The first thin crystal is central to the multiplexing op-
eration of the LODCM. Its single-crystalline quality directly
couples to the level of performance of the diffracted and trans-
mitted beams. Two aspects are particularly challenging: (i)
to thin down and polish a single crystal diamond plate to
100 μm thickness without introducing defects; (ii) to mount
the crystal with sufficient thermal contact to unload the ab-
sorbed x-ray energy without introducing additional strain.
The crystals were grown at the TISNCM using HPHT syn-
thesis method starting from a (001) seed. They were then
laser cut into thin plates. Polishing was performed with an
intentional 2◦ miscut for optimal surface quality. The work-
ing area originated for the most part from the (001) growth
sector with a low concentration of defects such as minor dis-
locations and micro-inclusions. We initially used a graphite
strain free mount previously developed for the LCLS self-
seeding monochromator.29, 31 Due to poor thermal contacts of
this mount, a crystal temperature increase up to 100 ◦C was
observed when illuminated with 1 mJ, 8 keV LCLS pulses

400 μm FWHM in size at full beam rate, using a thermal
imaging camera.32

A new mount designed and fabricated by the TISNCM
was used to increase the thermal contact while minimiz-
ing the mounting strain. The assembly consists a 500 μm
thick CVD (chemical vapor deposition) diamond substrate
frame (black rectangular frame behind the diamond crys-
tal shown in the inset of Fig. 3), and two perforated CVD
diamond micro-clips with low spring constant for pressing
the thin crystal onto the frame. The CVD diamond frames
were clamped to the stainless steel monochromator crystal
mounts. The all diamond design significantly improved the
thermal conduction between the thin crystal and the mount-
ing frame. Under typical FEL beam condition the observed
temperature increase was well below 10 ◦C. The mounted
thin diamond plates were characterized at the x-ray labo-
ratory at APS using double crystal topography in rocking
curve imaging mode. It was confirmed that the working area
of the crystal is nearly defect free, with only a few micro-
inclusions. The mounting strain was minimized to about
1.5 μrad over the working area by adjusting the micro-clips.
More detail of the mounting and crystal characterization is
beyond the scope of the current paper and is discussed exten-
sively in Ref. 33. Section III of the paper will focus on the
performance of the LODCM with C∗(111) crystals.

III. PERFORMANCE

The performances of a Bragg beam-splitting thin crystal
depends on three requirements: (i) the incoming bandwidth is
larger than the crystal reflection bandwidth; (ii) the thickness
of the crystal is comparable to or larger than the extinction
depth of the Bragg reflection; and (iii) the thickness of the
crystal is much smaller than the penetration depth of the other
wavelengths. LCLS currently operates in the SASE (self am-
plified spontaneous emission) mode for most experiments.1

The shot-averaged bandwidth of the FEL output in the hard x-
ray regime is typically �E/E = 0.4% FWHM, due to the natu-
ral bandwidth from the SASE process (0.3%) and the shot-to-
shot electron beam energy jitter. This is much broader than the
∼0.005% bandwidth of the C∗ (111) reflection. The thickness
of 100 μm is much larger than the extinction depth over the
operation photon energy range, leading to a reflectivity within
the diffraction bandwidth that is close to unity. Assuming that
the average spectral distribution of the FEL is Gaussian with a
width of 30 eV centered at 8.0 keV, a 0.4 eV reflection band-
width placed at the center of the FEL spectrum will reflect
on average 1.4% of the total incident pulse energy. This value
typically varies between 1%–2% depending on the machine
operation conditions. The other wavelengths will propagate
through the thin diamond with some absorption losses.

The spectrum of the pink branch is measured using a bent
crystal single-shot spectrometer at the XPP instrument.34 As
illustrated in Fig. 4(a), the spectrum of a typical single-shot
consists of many random spikes due to the stochastic nature
of the SASE process. It is only in the shot-averaged spectrum
that the spectral notch created by the diamond reflection be-
comes clear. The spectral notch width is determined by the
bandwidth of the C∗(111) reflection. It was measured to be
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FIG. 4. (a) Single-shot (solid line, red) and 240-shot average (dotted) spec-
trum of the pink branch after the thin diamond. The inset is a zoomed view of
the spectral notch seen in the averaged spectrum. (b) Monochromatic branch
bandwidth characterized by rocking curve measurement using a Si(440) ana-
lyzer at 7.9 keV. Inset shows the rocking curve of the second diamond crystal.
For both plots, measurements are shown as symbols and a Voigt functions are
used to model the data (line).

∼0.5 eV as indicated in the inset of Fig. 4(a). The width of this
notch is a first indication of good crystal quality. The small
amount of broadening and the incomplete extinction is due to
the limited resolution of the spectrometer.

The reflected beam goes through another reflection from
the second (thicker) diamond crystal, and is sent downstream
into the XPP instrument in its 600 mm offset position. We
measured the bandwidth of the monochromatic branch us-
ing a Si(440) crystal as an analyzer downstream in the ver-
tical reflection geometry. A rocking curve was measured at
7.9 keV and is shown in Fig. 4(b). The Si(440) bandwidth is
much narrower than that of the C∗(111). Therefore, the mea-
sured width is dominated by the bandwidth of the diamond
monochromator upstream. The measured 3.6 mdeg (FWHM)
correspond to 0.34 eV at 7.9 keV, in agreement with the cal-
culated value of 0.33 eV, where both the diffraction geometry
and a 2 μrad beam divergence of the FEL were taken into
account. In addition, the inset in Fig. 4 shows that the rock-
ing curve of the second diamond crystal at 7.9 keV has also a
width closely matching the calculated value of 1.4 mdeg. The
minimal broadening observed in the rocking curve provides

direct evidence of the high quality of both diamond crystals
as well as the absence of substantial crystal strain.

Another important indicator of the performance of the
beam-sharing monochromator is the throughput in both the
pink and the monochromatic branches. In Fig. 5(a) we com-
pare the throughput of the pink branch, quantified by the
measured transmission of the thin diamond crystal, with cal-
culation. The uncertainty band of the calculation, shown as
the gray band in Fig. 5(a), takes into consideration the er-
ror bar from the crystal thickness measurement and the crys-
tal mis-cut. The throughput of the monochromatic branch is
harder to quantify as the number of photons that gets reflected
depends strongly on many details of the FEL setup (e.g., elec-
tron beam compression level, electron energy jitter). We thus
compare it to what is obtained with a thick silicon crystal.
Fig. 5(b) shows the throughput of the monochromatic branch
as compared to the thick Si(111) crystal configuration at the
same photon energy. The throughput is lower for diamond and
it is mainly due to its smaller Darwin width. The theoretical
throughput ratio is calculated considering both bandwidths
and reflectivities and is plotted with the solid line. Each exper-
imental data point was measured within a few hours when the
FEL was operating in very similar conditions (using the inten-
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FIG. 5. Theoretical (solid line) and measured (symbol) monochromator
throughput for both the pink and the monochromatic branches. (a) Trans-
mission of the thin C∗ crystal. The gray band indicates the calculation uncer-
tainty. (b) Monochromatic branch throughput, normalized to Si(111) for both
the calculation and the measurement.
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(a)

(b)

FIG. 6. Normalized shot-to-shot intensity distribution for the pink (a) and
monochromatic (b) branches.

FIG. 7. Refraction geometry of the beam steering by the diamond crystal.
θB is the Bragg angle, θ i and θo are the incidence and exit angle of the
beam from the surface normal. δ is the wedge angle, and � is the steering
angle.

(a)

(b)

projection (mm)

projection (mm)

FIG. 8. Horizontal (a) and vertical (b) projections of the beam profile mea-
sured 200 meter downstream of the XPP LODCM in the pink branch, with
(red solid) and without (black dashed) the diamond crystal.

sity monitors at XPP normalized by the gas monitor upstream
of the LODCM which tracks the incoming pulse energy35).
Both branches perform in agreement with calculation and
therefore demonstrate again the high single crystal quality of
the diamond crystal pair.

As an example, at 8 keV, when the FEL operates at 1 mJ
(i.e., equivalent to ∼1012 photons per pulse (ph/pulse)), the
pink branch receives ∼6 × 1011 ph/pulse, and the monochro-
matic branch on the order of 1010 ph/pulse on average. The
shot-to-shot pulse energy distribution of the monochromatic
branch differs significantly from that of the pink branch.
As shown in Fig. 6, while the pink branch still maintains a
small variance in pulse energy around its average value, the
monochromatic branch shows nearly 100% fluctuation as one
would expect from the SASE spectral fluctuation.18

FIG. 9. (a) Locations on the diamond where beam steering were measured.
(b) and (c) display the 2D maps showing the uniformity of the measured beam
shift in the horizontal and vertical directions. Color bar units are in μrad.
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When examining the beam profile of the pink branch
in the XRT and the FEH, a small beam steering on the or-
der of 0.2 μrad in the horizontal direction was observed. It
originates from the refraction of the x-ray beam from the front
and back surfaces of the crystal that are not perfectly parallel
as illustrated in Fig. 7. From profile measurement taken 200 m
downstream of the diamond crystal using a scintillator screen,
we observe a ∼50 μm static shift of the horizontal beam pro-
file, as shown in Fig. 8. The shift is much less pronounced
in the vertical direction. The amount of horizontal steering
� = θ i + δ − θo can be calculated following Snell’s law,
with which we deduced the angle δ between the two surfaces
in the horizontal to be around 0.1◦, consistent with the toler-
ance in the polishing process. However, as shown in Fig. 8, we
did not observe significant beam intensity profile distortion in
addition to the shift.

Because of the FEL shot-to-shot beam pointing fluctua-
tions and the beam profile structure originating from the front
end hard x-ray off-set mirrors,36 a detailed characterization of
the wavefront distortion is challenging. We nevertheless ex-
amined the uniformity of the diamond crystal by mapping the
amount of beam steering 200 m downstream from different
part of the 2 × 4 mm2 working area. The beam was slitted
down to 50 × 50 μm2, and a 5 × 5 grid of locations was in-
spected as indicated in Fig. 9(a). The horizontal and vertical
steerings are mapped out in Figs. 9(b) and 9(c). The distribu-
tion is rather uniform with a mean value around 0.25 μrad.
It is especially the case in the center of the crystal where the
working area indicated in Fig. 9 highlights the full incident
beam foot print.

IV. CONCLUSION AND PROSPECT

In conclusion, we have demonstrated the capability
of splitting the LCLS x-ray FEL beam into a pink and
a monochromatic branch to be used in two experimen-
tal hutches simultaneously. The high quality of the beam-
splitting diamond crystal is reflected in the measured band-
widths and throughputs in both branches that closely match
the theoretical values, as well as the minimally disturbed
beam profile. The observed beam steering is attributed to the
two surfaces of the thin diamond not being exactly parallel.
This could be further minimized in the future by improving
the polishing process.

To fully take advantage of the possibility of simultane-
ous experiments, one needs to better understand the additional
operational constraints. In contrast to the one-experiment-at-
a-time scenario when the linac and undulators are optimized
for a single experiment, the two simultaneous experiments
need to agree on a common photon energy and x-ray pulse
duration. Moreover, the common optics upstream from both
instruments need to have settings that accommodate both ex-
periments.

Newly developed and future FEL operation modes will
further increase the flexibilities of the beam multiplexing sce-
narios by tailoring the spectral property of the beam. When
the machine operates in the self-seeded mode with an en-
hanced SASE background, one could align the monochroma-
tor energy to the seeded line to obtain an increased flux in the

monochromatic branch with some compromises of the flux in
the pink branch.31 A more exciting development is the two-
color operation.37 One could envision the monochromatic
branches picking up one bright spectral line while the FEL
simultaneously delivers another tunable spectral line for the
pink branch experiment, potentially creating an equal split-
ting scenario.
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