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We have developed an on-line spectrometer for hard x-ray free-electron laser (XFEL) radiation based on a nanostruc-
tured diamond diffraction grating and a bent crystal analyzer. Our method provides high spectral resolution, interferes
negligibly with the XFEL beam, and can withstand the intense hard x-ray pulses at high repetition rates of >100 Hz.
The spectrometer is capable of providing shot-to-shot spectral information for the normalization of data obtained in
scientific experiments and optimization of the accelerator operation parameters. We have demonstrated these capa-
bilities of the setup at the Linac Coherent Light Source, in self-amplified spontaneous emission mode at full energy of
>1 mJ with a 120 Hz repetition rate, obtaining a resolving power of E∕δE > 3 × 104. The device was also used to
monitor the effects of pulse duration down to 8 fs by analysis of the spectral spike width. © 2015 Optical Society of

America

OCIS codes: (050.1950) Diffraction gratings; (120.6200) Spectrometers and spectroscopic instrumentation; (120.4290) Nondestructive
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1. INTRODUCTION

Self-amplified spontaneous emission (SASE) is currently the most
common method for the generation of short radiation pulses at
x-ray free-electron laser (XFEL) facilities. Due to its stochastic
nature, the pulses produced fluctuate both in intensity and in
spectral composition [1,2]. These fluctuations can affect the in-
terpretation of the measurements performed at XFEL facilities.
An in situ diagnostics tool that provides well-resolved spectral
measurements of each individual pulse without compromising the
quality of the beam delivered to the experiment is needed to mit-
igate the effects of these fluctuations on experimental results.

Several technical approaches have been pursued to this end,
for example, single-shot spectral measurements of the SASE
pulses in the soft x-ray range [3–5]. For the hard x-ray range,
a method using a focusing mirror to create a divergent x-ray
beam and a flat silicon crystal for spectral dispersion [Fig. 1(a)]
was demonstrated and implemented at the SPring-8 Ångstrom
Compact Free Electron Laser (SACLA) in Japan [6–8].
Although this technique provides highly resolved spectra, it is in-
vasive such that the beam cannot be used for experiments after
passing the mirror. More recently, two independent techniques in
the hard x-ray range were tested at Linac Coherent Light Source
(LCLS): one that used bent Bragg diffraction crystals [Fig. 1(b)]
[9] and one based on a focusing transmission grating [Fig. 1(c)]

[10]. The spectrometer based on a thin bent crystal [9] offers a
high spectral resolution of better than ∼0.2 eV, as well as a non-
demanding alignment, but causes significant beam intensity loss
of up to 50% at lower photon energies due to absorption. The
grating-based method [10] has the advantages of high x-ray beam
transmission and radiation hardness, but suffers from a limited
spectral resolution of the order of 1.5 eV.

In this Article we present a novel single-shot on-line spectrom-
eter for hard x-rays [Fig. 2(a)] that has the benefits of both the
diffraction grating [10] and the high-resolution crystal analyzer
methods [6,9], yet overcomes their respective disadvantages. The
key aspect for such an achievement is to combine the noninvasive,
radiation hard, and highly transmissive diffraction grating with
one of the high-resolution crystal spectral analyzers [6,9].

2. METHODS

Figure 2(a) shows a schematic drawing of the setup we used, with
a bent crystal analyzer [9].

A beam splitter grating of pitch d is placed in the direct x-ray
beam of wavelength λ. The grating diverts a small portion of the
XFEL pulse onto a bent crystal spectrometer, and transmits the
rest of the pulse to be used for experimental purposes. The grating
lines are placed in the vertical orientation, so that the diffracted
beams are deflected in the horizontal direction. At a distance D

2334-2536/15/100912-05$15/0$15.00 © 2015 Optical Society of America

Research Article Vol. 2, No. 10 / October 2015 / Optica 912

http://dx.doi.org/10.1364/OPTICA.2.000912


downstream of the grating, the diffracted beams have a separation
Δy with respect to the direct (0th-order) beam of

Δy ≈
mλD

d
; (1)

where m is the diffraction order.
In the presented setup a bent crystal analyzer spectrometer is

placed in the grating’s 1st-order (m � 1) diffracted beam for spec-
tral monitoring. The crystal is bent convex to the incoming beam,
hence different parts of the beam in the vertical direction have
different incidence angles. Only the wavelength that satisfies
the Bragg condition at a certain part of the crystal will be dif-
fracted. The wavelengths contained in the beam will therefore be
dispersed over a detector placed in the diffracted beam. To ensure
that the diffraction from the crystal is not affected by the XFEL
polarization, we have chosen the scattering plane of the crystal to
orient vertically. This arrangement aligns the Bragg diffraction
perpendicular to the scattering plane of the grating [see Fig 2(a)],
effectively decoupling the crystal spectrometer dispersion from
the dispersion of the beam splitter grating. The spectral range
ΔE diffracted from the bent crystal spectrometer, of radius R, in
relation to the x-ray beam width H [Fig. 2(b)], is given by [9]

ΔE

E
� cot θB

H

R sin θB

; (2)

where E is the incoming beam energy and θB is the central Bragg
diffraction angle.

A. Beam Splitter Grating

The diffraction grating was fabricated at the Laboratory
for Micro and Nanotechnology at the Paul Scherrer Institut,
Switzerland. A grating pitch of d � 200 nm was calculated from
Eq. (1) to allow for sufficiently large Δy at a FEL beam wave-
length λ in order to insert a spectrometer in the 1st-order diffrac-
tion beam without obstructing the direct beam. The grating
pattern was defined on a ∼10 μm thick diamond membrane us-
ing electron beam lithography, which was then transferred into
the diamond membrane by reactive ion etching. This results
in an all-diamond grating with a line depth of 1 μm, and a lateral
size of 500 μm × 500 μm. Details of the fabrication processes can
be found in [11].

The efficiency of the grating was measured prior to the LCLS
experiment at the cSAXS beamline of the Swiss Light Source.
At 6.2 keV photon energy, the diffracted �1st order beam con-
tained ∼1% of the incident beam intensity, an identical amount
went to the −1st, and ∼2% was absorbed by the diamond mem-
brane. Higher diffraction orders are negligible, resulting in a
0th-order transmission of ∼96%. As the diffraction efficiency
and absorption both scale with the inverse square of the photon
energy, we estimate that the zero-order transmission ranges from
∼90% at 4 keV to ∼98% at 8.4 keV photon energy.

B. Experiment

The spectrometer experiments were conducted at the XPP instru-
ment at the LCLS [12] for several different photon energies ranging
from 4.0 to 8.4 keV. All measurements with the XFEL,
except for the ones at reduced pulse length (as discussed later in
this Article), were performed at 40 fs average pulse duration
and an average pulse energy of ∼2 mJ. The beam size slit down
to approximately H ∼ 400 μm was accepted, and no monochro-
mator or harmonic rejection mirrors were used throughout the
measurements. The beam splitter grating was placed in a high-
vacuum chamber approximately D ∼ 4 m upstream of the spec-
trometer, leading to separations between the 1st- and 0th-order
beams Δy � 6.2 − 2.8 mm for the above photon energies. The
only alignment required for the grating was to center it to the XFEL
beam, and no realignment was required during the experiments.

Figure 3(a) shows the transmitted direct beams and the dif-
fracted negative and positive diffraction orders, imaged by using
a YAG screen, a lens system, and an Adimec OPAL-1000 charge-
coupled device (CCD) camera. During the measurements, the
grating was extensively exposed to photon energies varying from
4.0 to 8.4 keV, at the full repetition rate of 120 Hz. We observed

Fig. 1. Schematic drawings of the setup concepts for hard x-ray single-
shot spectrometers using (a) a focusing mirror with a flat crystal analyser
[6], (b) a bent crystal analyzer [9], and (c) a focusing grating [10].

Fig. 2. (a) Schematic drawing of the experimental setup described
in this Article. (b) Schematic drawing of the beam dispersion from
the bent crystal.

Fig. 3. Beam profiles recorded at 8.26 keV photon energy: (a) Beam
profile at the crystal analyzer position. The separation of the 0th- and
1st-order diffraction beams is Δy ∼ 3 mm. (b) Direct beam with the slits
at ∼200 m downstream of the spectrometer with and without the beam
splitter grating in the beam.
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no degradation of diffraction qualities of the grating throughout
the entire duration of the experiment, confirming its radiation
hardness. A further visual inspection at the end of the experiment
also showed no change in the grating structure.

To investigate possible effects of the grating on the transmitted
beam, we recorded the XFEL beam profile at ∼200 m down-
stream of the XPP beamline [Fig. 3(b)], with the slits upstream
of the grating closed down to 100 μm × 100 μm. No difference
between the beam profiles recorded with and without the beam
splitter grating in the beam was observed within the measurement
sensitivity.

The setup consists of two bent crystal analyzer spectrometers,
installed as follows: one in the diffracted 1st-order beam, and a
second one in the transmitted 0th-order beam, in order to cross
check the results for the same SASE pulses. The spectral resolu-
tion of both spectrometers is mainly determined by the chosen
Bragg reflection, and their energy coverage ΔE is determined by
Eq. (2). This ΔE should be equivalent to the XFEL bandwidth,
which is reported to be around 0.5% FWHM [13]; this requires
at least ΔE ∼ 42 eV at 8.4 keV to cover the FWHM range, or
larger to capture the full spectra including their tails. We have
therefore selected two scenarios: one that allows for a higher res-
olution with coverage just wide enough for the XFEL FWHM
bandwidth, and a second that gives lower resolution but with
broader spectral coverage.

The first scenario was realized by positioning a Si(111) crystal
with R � 78 mm in the diffracted 1st-order beam, in order to
achieve a high spectral resolution from the Si(333) reflection with
ΔE ∼ 60 eV. The Si crystal was 10 μm thick, to allow for a small
bending radius without affecting the attainable spectral resolution
[9], with lateral dimensions of 5 mm × 10 mm. To achieve a uni-
form curvature, the crystal was glued onto the edge of a cylindrical
plano–convex glass lens. The spectra from the Si(333) reflection
were recorded with a 25 μm thick Ce:YAG screen, an imaging
lens, and a high-speed camera (Hamamatsu ORCA Flash 4.0
V2) at 330 mm distance from the crystal surface. The total
air-path for this 1st-order beam from the exit of the high-vacuum
beamline to the YAG screen was ∼550 mm. In the 0th-order
beam, a Si(110) crystal with R � 50 mm was used to cover a
wide range of ΔE > 300 eV from the Si(220) reflection. The
crystal was 10 μm thick with lateral dimensions of

5 mm × 15 mm, on a custom-designed aluminum mount. The
signal from the Si(220) reflection was also monitored with a
100 μm thick YAG screen, a lens system, and an Adimec
OPAL-1000 CCD camera at ∼200 mm distance from the crystal,
with total air-path of the beam of ∼650 mm.

3. RESULT

The 2D spectrometer images and their projections from a typical
single SASE pulse are shown in Fig. 4. The Si(333) Bragg angle at
this photon energy range is close to 45°. For more than 60,000
recorded spectra, we observed the fluctuation of the SASE spec-
trum in bandwidth, intensity distribution, and central energy, as
reported previously in [6,9,10], confirming the resolving capabil-
ity of the setup.

The critical advantage of the beam splitting scheme is evident
by the detailed spikes resolved from Si(333). The setup has
proven that less than 1% of the original pulse energy is sufficient
for spectral monitoring through air, while most of the pulse
energy is left unaffected and hence available for experimental
purposes—as demonstrated in [10], but with substantially better
resolution. The spectrometer is in principle susceptible to spectral
inhomogeneity, as reported in [14]. We have observed substan-
tially less effect, and therefore minimal data treatment was re-
quired for the spectral profile mapping.

The minimum spike separation resolved from typical Si(333)
spectra was 0.2–0.3 eV, corresponding to a resolving power of
E∕δE > 3 × 104. The Si(333) reflection captured high-resolution
and full range SASE spectra for over ∼60%–70% of the shots,
while some of the shots were only partially covered due to the
energy jitter of the beam. In comparison, the Si(220) spectrom-
eter was capable of monitoring the full ranges of the SASE spectra
throughout, albeit with significantly lower resolution related to
the increased Darwin width of the lower index reflection, as well
as the smaller crystal–detector distance.

A detailed comparison of the two measurements can be ob-
tained by matching the resolution of the spectra. The red curve
in Fig. 4 shows the Si(333) spectrum artificially broadened by
convolution with a Gaussian function of FWHM 0.5 eV.
In the central energy range between 8359 and 8370 eV the
Si(220) spectrum and the smoothened Si(333) spectrum match

Fig. 4. (a) Typical single-shot spectra from the Si(333) and the Si(220) spectrometers. (b) Projections of the same shot from the Si(333) spectrometer
(blue), the Si(333) spectrum after smoothening (red), and from the Si(220) spectrometer (black). The spectrum from the Si(220) reflection has similar
overall features and intensity distribution, but the resolution is lower. (c) Detail of the same spectra. SASE spikes separated by ∼0.3 eV were clearly
resolved by the Si(333) spectrometer.
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within 10% difference, and within 25% for a broader range be-
tween 8353 and 8377 eV. For energies outside of this central en-
ergy interval, the discrepancy is significantly larger, with the signal
of the Si(333) spectrometer being systematically lower than that
from its Si(220) counterpart. This effect is due to the intensity
profile across the photon beam, such that these photon energies
are Bragg-reflected by parts of the Si(333) spectrometer crystal
that are illuminated by the upper and lower edges of the beam
[see Fig. 2(b)] that have lower intensity than the center part of
the beam. The Si(220) spectrometer maps the same energy range
from the central, more homogeneous parts of the beam and,
therefore, does not show the same decline in signal toward the
edges of the spectrum. The influence of the beam intensity profile
onto the measured spectra, including effects caused by the beam
splitter’s diffraction efficiency inhomogeneities, could be compen-
sated by recording the −1st-order beam intensity profile and using
it for normalization.

4. DISCUSSION

We also report additional results observed during the experiment,
while varying the LCLS pulse duration from ΔtR � 21 fs to 12
and 8 fs FWHM, using the slotted foil method [1] and recording
data from the Si(333) spectrometer at 8.38 keV. The pulse du-
ration was monitored using the diagnostic data from the x-band
transverse deflecting cavity (XTCAV) [15]. In first approxima-
tion, the spike width for Fourier-transform-limited pulses is re-
lated to the pulse duration by ΔE · ΔtR � 1.82 eV · fs [16].
The spectral widths that correspond to pulse lengths of ΔtR �
21, 12, and 8 fs, according to the above relation, are ΔE �
0.087, 0.15, and 0.23 eV, respectively. Figure 5 shows the how
the SASE spectra evolve as a function of the pulse duration.

The data in Fig. 5 show that, as the pulse duration is reduced,
the spike width increases. To obtain a quantitative description of
this phenomenon, the average spike FWHM was determined by
fitting the spike profiles from several shots with Gaussian func-
tions. After deconvolving the spectrometer resolution of ∼0.2 eV,
we found average FWHM values of 0.22, 0.35, and 0.88 eV, for

pulse lengths of 21, 12, and 8 fs, respectively. These values are
significantly higher than what is reported above for Fourier-
transform-limited pulses. This can be related to the presence of
a pulse chirp. In this case, the bandwidth–pulse duration relation
can be reformulated as ΔE · ΔtR � 1.82 � p�1� α

2� �eV · fs�,
where α is a constant related to the pulse chirp [16]. We obtained
α � 2.3, 2.1, and 3.7 for pulse lengths of 21, 12, and 8 fs, re-
spectively, indicating that not only are the measured SASE spike
widths much wider than what is expected for Fourier-transform-
limited pulses, but also that chirp parameter α varies for different
pulse durations. Similar findings were reported in earlier works
that measured the spike width directly by Gaussian fitting onto
the spectra [7], or indirectly by electron bunch profile measure-
ment [17]. Several possible causes for this spectral broadening
were proposed; for example, it can be due to an energy chirp
of the electron beam, electron bunch incoherence [18], or the
pulse shortening method itself. The contributions from each
process are indistinguishable from one another by judging from
the spectra alone. However, combining this high-resolution spec-
tral monitoring with electron bunch profile measurements [17]
may provide additional insights into the underlying physics of
the pulse shortening mechanisms, serving the purpose of acceler-
ator optimization.

5. SUMMARY

In summary, we have demonstrated an in situ single-shot spec-
trometer setup for a multi-keV x-ray FEL that is nonintrusive,
compact, and easy to align. The best resolved spectra showed
E∕δE > 3 × 104 resolving power, using the Si(333) reflection,
which was in good agreement with the spectra acquired simulta-
neously from the transmitted beam. The 1st-order diffraction
beam was intense enough for on-line monitoring, allowing more
than 90% of the beam energy for experiments. The diffraction
grating withstood the full intensity of the LCLS XFEL beam
at 4.0–8.4 keV and at full repetition rate of 120 Hz. We also
confirmed that, within the selected x-ray energy range, the trans-
mitted beam showed no obvious beam profile distortion and
measurements require no replacement or realignment of the gra-
ting. Further investigation into the spectral profile changes with
the pulse duration could be carried out in combination with the
methods described in [7,16,17].
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