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We report hard x-ray single-shot spectral measurements of the Linac Coherent Light Source. The

spectrometer is based on a 10 lm thick cylindrically bent Si single crystal operating in the

symmetric Bragg geometry to provide dispersion and high transmission simultaneously. It covers a

spectral range >1% using the Si(111) reflection. Using the Si(333) reflection, it reaches a resolving

power of better than 42 000 and transmits >83% of the incident flux at 8.3 keV. The high

resolution enabled the observation of individual spectral spikes characteristic of a self-amplified

spontaneous emission x-ray free electron laser source. Potential applications of the device are

discussed. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4736725]

The development of x-ray free-electron laser (FEL)

sources1–3 has and will continue to enable a broad range of

scientific discoveries in many disciplines. Recent experi-

ments at the Linac Coherent Light Source (LCLS) have

explored light-matter interactions on the time and length

scales of atoms,4,5 demonstrated methods for structural

determination of complex biological molecules and

viruses,6–8 and created high-energy-density states of matter

commonly found in the interiors of large Jovian planets.9

Current x-ray FEL sources operate on the principle of self-

amplified spontaneous emission (SASE),10,11 whose stochas-

tic nature gives rise to shot-to-shot fluctuations in all beam

properties, including pulse energy, duration, spatial profile,

wavefront, temporal profile, and spectral content.12 As FEL-

based science areas develop, detailed knowledge of these

properties becomes increasingly important for the interpreta-

tion of experimental data.

The quest to fully characterize these properties by

single-shot, transmissive diagnostics with minimal perturba-

tion has proven to be very challenging and has so far been

demonstrated only for the case of pulse energy.13,14 Methods

of single-shot spectral characterization of the FEL source

have been reported for hard15 and soft16 x-rays. However,

both methods are destructive. In this Letter, we present the

concept and experimental demonstration of a hard x-ray

spectrometer capable of capturing the full SASE spectrum

on a shot-by-shot basis whilst transmitting the majority of

the pulse energy with minimal wavefront perturbation. When

configured in the high-resolution geometry, individual SASE

spectral spikes can also be resolved.

Ultrathin near-perfect silicon single-crystals were made

available thanks to the rapid advancement in the semicon-

ductor industry, and in particular, the silicon-on-insulator

technology.17 The spectrometer we report here utilized a

10 lm perfect crystal membrane (5 mm� 15 mm) of the

shape of a diving board, which is bent to a radius of curva-

ture between 100 and 300 mm. The small thickness allowed

reaching bending curvatures previously inaccessible with

thicker wafers and, at same time, provided high transmission

for hard x-rays. Controlled bending was achieved by translat-

ing the free end of the membrane using a precision actuator.

The dispersion geometry for the bent thin crystals is shown

in Fig. 1. When an x-ray beam with a negligible divergence

and finite bandwidth impinges onto the convex side of the

curved crystal membrane, over the footprint of the x-ray

beam on the crystal in the diffraction plane, different por-

tions of the beam make different incident angles, each satis-

fying the Bragg condition for a slightly different wavelength

k ¼ 2d sin hB as given by Bragg’s Law. d is the lattice spac-

ing for a given reflection and hB is the Bragg angle. Since for

different wavelengths the reflection point walks on the

FIG. 1. Dispersion geometry of the spectrometer. The cylindrically bent

crystal membrane diffracts dispersively a small percentage of the FEL beam

to form the spectrograph, which is recorded on a scintillator-based detector

positioned normal to the diffracted beam.
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crystal surface, the reflected rays can be back-traced to a vir-

tual source point located at a distance R0 from the crystal,

where R0 is related to the crystal radius of curvature R by the

relation R0 ¼ R sin hB=2. Note that this configuration differs

from well-known Bragg-type spectrometers with curved

analyzers,18–20 which are often optimized for spectroscopic

studies where luminosity is of great importance. The disper-

sion Dx on the detector plane for an energy increment of DE
is given by

Dx ¼ 2 tan hB

R sin hB

2
þ L0

� �
DE

E
; (1)

where L0 is the distance from the membrane to the detector

plane. The spectral range of the bent-crystal spectrometer

depends on the footprint of the beam and R as

DEmax

E
¼ cot hB

H

R sin hB

; (2)

where H is the beam size in the dispersion plane.

The experimental demonstration was performed at the

x-ray pump probe (XPP) instrument at LCLS.21 Two inde-

pendent spectrometers were set up in tandem, as shown in

Fig. 2(a), 192 m downstream from the end of the undulators.

The FEL beam measured 400 lm FWHM with an angular

divergence of 2 lrad FWHM in both the horizontal and the

vertical direction at the spectrometer locations. The down-

stream spectrometer used the Si(111) reflection dispersing

horizontally and covered the full range of the LCLS SASE

pulse (�100 eV). The upstream spectrometer utilized the

Si(333) reflection dispersing vertically, yielding a range of

�20 eV but with a much higher resolution. The vertical dis-

persion geometry was chosen because of the direction of

polarization of the x-ray FEL beam and the fact that the

Bragg angle being close to 45� at 8.33 keV, the energy at

which the experiment was performed. At this photon energy,

the transmission of the spectrometers were 83% for Si(333)

and 47% for Si(111). Thinner crystals can be used to further

improve the transmission, but at the expense of broader

Darwin curves which could impact resolution. The dis-

persed/reflected x-rays were then converted to visible light

via a 100 lm thick Ce:YAG scintillator screen before being

imaged and recorded by a high speed microscope.

A set of typical Si(111) spectra from 20 consecutive

shots, operating at the nominal 150 pC bunch charge and

optimal compression, is shown in Fig. 2(b). One selected

spectrum is displayed in greater clarity in Fig. 2(c). These

spectra are projections of the two-dimensional spectrographs

normal to the dispersion direction. Each single shot spectrum

appears distinctly different from the others and consists of a

large number of spikes with varying width and magnitude.

These shot-to-shot fluctuations in spectral content are char-

acteristic of SASE as predicted by both theory12 and simula-

tions.22 Their statistical characteristics are closely related to

the temporal properties such as coherence time and pulse

length, which are otherwise extremely difficult to measure.

The wildly varying spectral signature of the SASE FEL

pulses underscores the need for a single-shot diagnostic. The

critical advantage of the high transmissivity of the current

design is illustrated by the fact that the Si(111) spectrometer

can be looked upon as the “experiment” whilst the upstream

Si(333) spectrometer gives shot by shot spectral information.

It is also important to note that the significantly increased re-

solution of the Si(333) spectrometer clearly shows details of

unresolved features in the Si(111) spectra albeit over a

smaller range, as shown in Fig. 2(d).

The dispersion relations of the two spectrometers were

calibrated using a Si(111) channel-cut monochromator

(CCM) to define the incoming wavelength. The monochrom-

atized beam produced �1 eV wide line in the spectrograph

normal to the dispersion direction. The lateral position of the

lines are measured as a function of incoming photon energies

and fitted to Eq. (1). For Si(111), the fit yielded

L ¼ R0 þ L0 ¼ 365 mm, which agrees well with the measured

distance L0 ¼ 330 mm and R0 as derived from the radius of

curvature of the crystal (�300 mm), calculated from the dis-

placement at its free end. For Si(333), we doubled the

amount of bending to provide a larger energy range. The fit

FIG. 2. (a) Schematics of the experimental setup. (b) Example of SASE spectra for 20 consecutive pulses recorded using the full-range Si(111) spectrometer.

(c) The full-range Si(111) spectrum and (d) the high-resolution Si(333) spectrum of the same individual pulse (red) overlayed with the Si(111) measurement

(gray).
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yielded L¼ 495 mm. With the measured L0 ¼ 440 mm, we

obtain an estimated radius of curvature of R¼ 150 mm. The

average intensity response of the spectrometer, i.e., the inte-

grated reflectivity as a function of photon energy, was cali-

brated simultaneously with the dispersion relation using an

intensity monitor upstream of the spectrometer setup. In the

case of Si(111), a relatively flat response was observed as the

FEL bandwidth lies well within the range of the spectrome-

ter. However, for Si(333), the beam size became the limiting

factor and the beam intensity profile modified the apparent

spectral intensity. To obtain the correct spectrum, a normal-

ization to the beam profile in the direction perpendicular to

the dispersion is required (Fig. 3).

The diffraction-limited resolution function of the spec-

trometer is given by

dE

E
¼ cotðhBÞ

dx

2ðL0 þ R0Þ ; (3)

where dx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdxsÞ2 þ ðdxeÞ2 þ ðdxdÞ2

q
is the linear size of

the spot formed by a perfectly monochromatic wave incident

on the crystal. The spot size dx includes three contributions: (1)

the effective source size at the virtual point arising from a finite

source divergence dH ¼ 2 lrad contributes dxs ¼ LdH
¼ 0:95 lm. (2) A finite extinction depth K ¼ 0:75 lm for

Si(111) at 8.33 keV leading to a broadening of dxe

�2K cot hB ¼ 6:2 lm. (3) The diffraction effect of the beam

footprint of size dR ¼ 10:2 lm on the crystal surface where the

diffracted beam is within the Darwin width xD ¼ 34 lrad as

calculated using the multilamellar theory23–25 amounts to

dxd �1:39 � kL0=ðpdR sin hBÞ ¼ 11:9 lm. By combining these

terms, we obtain dx ¼ 13:7 lm, or dSið111Þ ¼ 0:49 eV as a

lower bound. Other possible contributions from lattice strain

and instrumental resolutions were found to be negligible. Using

Eq. (3) for Si(333) yields dSið333Þ ¼ 0:1 eV.

Experimentally, a direct estimate of the Si(111) spec-

trometer resolutions was determined to be 0:5 6 0:1 eV by

inspecting the apparent feature width and spacing in thou-

sands of SASE spectra. A more careful characterization was

derived from the line width measured when the FEL was

operated in the self-seeded mode,26,27 as shown in Fig. 4.

The measured width is a convolution of the actual spectral

width with that of the instrument resolution and can be

written as dEapp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dE2

act þ dE2
instr

p
(assuming each is of

Gaussian line shape for simplicity). Based on the narrowest

feature resolved with the Si(333) spectrometer,

dEinstr;333. 0.2 eV. This indicates that the actual seeded

spectrum width dEact is between the apparent width of

0.45 eV and the deconvoluted estimate
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:452 � 0:22
p

¼ 0:40 eV. The resolution of the Si(111) spectrometer can in

turn be estimated to be better than
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:652 � 0:402
p

¼ 0:51 eV, and no worse than
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:652 � 0:452
p

¼ 0:47 eV.

This yields an estimate for the Si(111) spectrometer resolu-

tion of 0:49 6 0:02 eV. It indicates that a significantly better

resolution was achieved than the 1.19 eV given by the

Si(111) Darwin width as a result of the dispersive geometry.

For the Si(333) spectrometer, the resolution lower bound

based on the finest features observed (cf. Fig. 2(d)) is in

agreement with the 0.13 eV obtained from more sophisti-

cated statistical analysis.28 This allowed individual spectral

spikes to be resolved for x-ray pulses of up to 25 fs in dura-

tion as, i.e., in the LCLS low-charge operating mode,29 and

would further enable pulse length and shape estimates from

the Fourier relations connecting the spectral and temporal

domains.

In summary, a transmissive single-shot hard x-ray spec-

trometer was conceived, built, and tested at LCLS, using

ultra-thin cylindrically bent Si single crystals. Analysis of

the experimental measurements indicates that the achieved

spectral resolution and range are in good agreement with

FIG. 3. Dispersion calibration of the spectrometer for both the Si(111) and

Si(333) geometry. The red and blue curves are fitted lines using Eq. (1). The

inset on the lower right shows the observed line shape with the red data

points measured with the Si(111) spectrometer and blue data points Si(333).

The red line is a Gaussian fit to the line shape measured by Si(111). The

blue line is the theoretical line shape of the Si(111) rocking curve for com-

parison to the higher resolution Si(333) measurement, showing good

agreement.

FIG. 4. Spectra of an individual FEL pulse reordered simultaneously by the

Si(111) and Si(333) spectrometers while operating in the self-seeded mode.

The red crosses are measurement obtained using the Si(333) spectrometer

while the black circles are from the Si(111) spectrometer measurement. The

dashed lines are Gaussian fits to the central peak, yielding FWHM values of

0.65 eV and 0.45 eV, respectively.
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theoretical estimates. The predicted SASE FEL spectrum

was observed and shown to vary randomly in average wave-

length and shape on a shot-to-shot basis. The use of the

(333) reflection improved the spectral resolution to a level

that revealed details down to the single-spike level.

The spectrometer presented here is already playing an

important role in understanding and optimizing the FEL

operating conditions at LCLS, revealing previously unseen

spectral, spatial, and temporal characteristics. It will continue

to enable FEL development activities such as the hard x-ray

self-seeding27 to proceed with real-time tuning and work

towards achieving a transform-limited x-ray source with a

peak power in the Terawatt regime.22 More importantly, the

additional spectral information is expected to benefit a broad

range of scientific studies at FEL sources. Protein nano-

crystallography, for example, currently copes with the spec-

tral fluctuations of the FEL source by averaging tens of

thousands of pulses.6,8 The knowledge of the spectral content

of each pulse may reduce the required data volume for struc-

ture determination significantly. Coherent diffractive imaging

will also benefit from the additional spectral information,

allowing more efficient uses of broadband x-ray sources.26,30
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