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Abstract

Inelastic x-ray scattering (IXS) is an important tool for

studies of equilibrium dynamics in condensed matter. A new

spectrometer recently proposed for ultra-high-resolution IXS

(UHRIX) has achieved 0.6 meV and 0.25 nm−1 spectral and

momentum transfer resolutions, respectively [1]. However,

further improvements down to 0.1 meV and 0.02 nm−1 are

required to close the gap in energy-momentum space be-

tween high and low frequency probes. We show that this

goal can be achieved by further improvements in x-ray op-

tics and by increasing the spectral flux of the incident x-ray

pulses. UHRIX performs best at energies from 5 to 10 keV,

where a combination of self-seeding and undulator tapering

at the SASE2 beamline of the European XFEL promises up

to a hundred-fold increase in average spectral flux compared

to nominal SASE pulses at saturation, or three orders of

magnitude more than possible with storage-ring based ra-

diation sources. Wave-optics propagation shows that about

7 × 1012 ph/s in a 90-µeV bandwidth can be achieved on the

sample. This will provide unique new possibilities for IXS.

Extended information about our work can be found in [2].

INTRODUCTION

Momentum resolved inelastic x-ray scattering (IXS) is a

technique introduced [3, 4] and widely used [5–9] at syn-

chrotron radiation facilities for studies of atomic-scale dy-

namics in condensed matter. A photon with energy E
i
and

momentum K
i
changes its energy and momentum to E

f
and

K
f

in a inelastic scattering process in the sample and leaves

behind a collective excitation with energy ε = E
i
− E

f
and

momentum Q = K
i
− K

f
, respectively. IXS provides ac-

cess to dynamics on a length scale λ = 2π/Q and a time

scale t = 2π~/ε simultaneously. Presently, together with

IXS there are a few inelastic scattering techniques allow-

ing probes of a limited region in the time-length scale: in

fact, a gap remains in experimental capabilities between the

low-frequency (visible and ultraviolet light) and the high-

frequency (x-rays and neutrons) inelastic scattering tech-

niques. Because of this, dynamics in the range from about

1-100 picosecond (ps) on atomic- and meso-scales is still

inaccessible. However, this region is of vital importance

for disordered systems and, therefore, to the study of many

outstanding problems in condensed matter dynamics, such

as the nature of the liquid to glass transition.

IXS could in principle penetrate this unexplored dynamic

range of excitations1, but this would require solving two long-

standing challenges. First, IXS spectrometers in their tradi-

tional implementation have not improved the best numbers

in energy (≃ 1.5 meV) and momentum transfer (≃ 1.5 nm−1)

resolutions for the past 20 years [10,11]. Second, the IXS

signal is very weak. Hence, more efficient IXS spectrome-

ters with better resolution and more powerful x-ray sources

are required to advance the field. Recently, a new type of dis-

persive spectrometer was tested for the first time. This ultra-

high-resolution IXS (UHRIX) spectrometer [1] achieved a

spectral resolution of 0.6 meV at a momentum transfer down

to 0.25 nm−1. Additionally, the spectral contrast improved

by an order of magnitude compared to the traditional IXS

spectrometers [3, 10–14]. To sharpen the desired resolution

to 0.1 meV and 0.02-nm−1 and to ensure higher countrates,

we propose to further develop the angular dispersive x-ray

optical scheme [15, 16] and to replace scanning IXS spec-

trometers with broadband imaging spectrographs [17]2.

Complementarily, high-repetition rate seeded x-ray free-

electron lasers (XFELs) hold the promise to overcome the

problem of weak IXS signals. Low-gain x-ray free-electron

laser oscillators (XFELOs) may in time produce a spec-

tral flux of up to 1014
− 1015 photons/s/meV [19, 20], but

currently they are still under development [21]. High-gain

XFELs under operation are limited, in average flux, by their

low repetition rate [22, 23]. In contrast, at the European

XFEL [24], owing to superconducting accelerator technol-

ogy, Self-Amplified Spontaneous Emission (SASE) will al-

low for the production of average output fluxes of about 1012

photons/s/meV at 9 keV (the optimum working energy of

the UHRIX setup), which is already more than one order of

magnitude greater than at synchrotron radiation facilities [9].

The spectral flux can be further substantially increased by

self-seeding [25, 26], which will be first be available, at the

European XFEL, at the SASE2 beamline [27]. Another or-

der of magnitude increase in flux can be gained by tapering

the magnetic field of the seeded undulator [28–35].

1 INS cannot enter this region because of the kinematic limitation. The

low-frequency probes cannot enter this region because their photon wave-

lengths are too long.
2 A Fourier-transform IXS technique has been demonstrated recently [18],

which could be considered as a powerful complementary approach for

studies of non-equilibrium excitation with ultra-high spectral resolution.
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Figure 1: Layout of the baseline SASE2 undulator (35 seg-

ments).

In this work we propose to enable UHRIX in combination

with an optimized configuration of the SASE2 x-ray source

exploiting self-seeding and undulator tapering techniques

in order to reach more than 1014 photons/s/meV, the same

figure estimated in Ref. [36]. This may become a real game-

changer for ultra-high-resolution x-ray spectroscopy, for IXS

in particular, and for the studies of dynamics in disordered

systems.

HIGH AVERAGE FLUX X-RAY SOURCE

FOR ULTRA-HIGH-RESOLUTION IXS

The implementation of hard x-ray self-seeding (HXRSS)

at European XFEL [27] will be based on a two cascade

scheme in order to deal with the heat-load on the crystals

at the high-repetition rate of the facility (up to 27000 X-ray

pulses per second distributed in ten macropulses with up

to 2700 pulses each). HXRSS will first be enabled at the

SASE2 undulator line, which includes 35 segments, each

consisting of 5 m long undulators, for a total of 175 m of mag-

netic length with an undulator period of 40 mm. We could

then operate the SASE2 baseline in HXRSS mode followed

by post-saturation tapering according to the scheme in Fig.

1, which optimizes the average output spectral flux around

the optimum working point of the UHRIX setup, 9 keV. For

seeding purposes we considered the (004) symmetric Bragg

reflection from a 100 µm thick crystal. We performed nu-

merical simulations of the high average-flux source in Fig.

1 using the code GENESIS [37]. Simulations are based on

a statistical analysis consisting of 100 runs. Start-to-end

simulations [38] yield the input information about the 250

pC, 17.5 GeV electron beam used for our study, which is fed

into GENESIS.

The first five undulator segments work in the SASE mode,

and yield the output power and spectrum in Fig. 2(a) and

(b), respectively. The filtering process performed by the first

crystal is illustrated in Fig. 2(c) and (d). The x-ray pulse

then proceeds through the second undulator in Fig. 1, where

it seeds the electron beam. Power and spectrum at the exit of

the second undulator are shown in Fig. 2(e) and (f), respec-

tively. This figure shows seed amplification in competition

with the SASE process, given the relatively low seed power

level from the first part of the setup. This is particularly evi-

dent in the time domain, where the reader can see the seeded

pulse following about 20 µm after the SASE pulse. Note that

the power levels in the two pulses are about the same. More-

over each of the pulses (seeded and SASE) carries about the

same energy as the initial SASE pulse incident on the first

crystal, for a total incident average energy per pulse of about

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 2: Power distribution and spectrum of the x-ray pulse

along the undulator: (a) and (b) at the exit of the first un-

dulator (5 segments); (c) and (d) after the first HXRSS

monochromator; (e) and (f) at the exit of the second un-

dulator (5 segments); (g) and (h) after the second HXRSS

monochromator; (i) and (j) at the exit of the setup. Grey

lines refer to single shot realizations, the black line refers to

the average over a hundred realizations. The insets in (c )

and (h) are an enlarged part of the main plot, showing the

seed appearing after the filtering process. The black arrows

indicate the position of the seed relative to the electron slice

with maximum current. The red lines in graphs (i) and (j)

refer to the particular FEL shot that is used for wavefront

propagation simulations (see Section ‘UHRIX OPTICS’).

2.7 µJ, still within the heat-load limits. In the frequency

domain, one notices a greatly increased peak power spectral

density for the seeded signal [compare Fig. 2(d) and (f)]

while the SASE pulse contributes a wide-bandwidth, noisy

background. The fact that the power spectral density for the

seed signal is larger than that for SASE by about an order of

magnitude (roughly corresponding to the ratio of the SASE

bandwidth to the seeded bandwidth) is what actually allows

the x-ray beam to impinge on the second HXRSS crystal at

relatively low power, but with a large signal (seeded) to noise

(SASE) ratio, thus reducing heat loading effects by about one
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order of magnitude compared to a single-chicane scheme.

The filtering process performed by the second crystal is il-

lustrated in Fig. 2(g) and (h), respectively. After this, the

seed signal is amplified to saturation and beyond, exploiting

a combination of HXRSS with post-saturation tapering.

Tapering is implemented by changing the K parameter

of the undulator segment by segment. The tapering law

used in this work [2] has been implemented on an empirical

basis, in order to optimize the spectral density of the output

signal. On the average, we expect to be able to produce

pulses of about 11 mJ energy. The beam shape is nearly

round with a FWHM size of about 50 µm, and a FWHM

divergence of about 1.8 µrad. The final output of our setup

is presented in Fig. 2(i) and (j), respectively, in terms of

power and spectrum.

This result should be compared with the output power and

spectrum for SASE at saturation, which corresponds to the

conventional mode of operation foreseen for the European

XFEL. Considering as before an average over 100 shots, the

peak power for the SASE saturation case is about 4 × 1010

W, while for the seeded case in Fig. 2(i), it has increased to

7.5 × 1011 W. This corresponds to an increase in flux from

about 7 × 1011 photons per pulse to about 7 × 1012 photons

per pulse. This increase of about one order of magnitude is

due to tapering. Moreover, the final SASE spectrum has a

FWHM of about 11.6 eV, corresponding to a relative band-

width of about 1.2 × 10−3 while, due to the enhancement of

longitudinal coherence, the seeded spectrum has a FWHM

of about 0.94 eV, corresponding to a relative bandwidth of

about 1 × 10−4.

Summing up, we obtain more than one order of magnitude

increase in peak power due to tapering, and a bit less than an

order of magnitude decrease in spectral width due to seeding.

Combining the two effects, we obtain an increase of slightly

over two orders of magnitude in spectral flux density from

the SASE to the seeded-tapered case. This corresponds

to about 2.1 × 1014 ph/s/meV for the seeded-tapered case,

compared to about 1.5×1012 ph/s/meV in the case of SASE

at saturation.

UHRIX OPTICS

Ultra-high-resolution IXS (UHRIX) studies with the 0.1-

meV spectral and the 0.02-nm−1 momentum transfer resolu-

tion require a significant amount of x-ray photons with an

energy E
0
= 9.13185 keV and a momentum K = E

0
/~c =

46.27598 nm−1 to be delivered onto the sample within a

∆E . 0.1 meV spectral bandwidth, with a transverse mo-

mentum spread ∆K . 0.02 nm−1, and concentrated on the

sample on a spot of ∆s . 5 µm (FWHM) in diameter. The

aforementioned fixed photon energy E
0

is required by the

use of the (008) Bragg backreflection from a Si crystal, one

of the central components of the ultra-high-resolution optics,

presented in detail in [2].

We consider a scenario in which the UHRIX instrument

is installed at a SASE2-undulator beamline of the European

XFEL. In particular, we consider an option of integrating

0 74

source point in the
output undulator

288

lens

349

offset
mirrors
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Figure 3: Main optical components of the proposed UHRIX

instrument at the SASE2-undulator beamline of the Euro-

pean XFEL shown schematically together with the output

undulator. Optical components are presented as pictographs

at certain distances from the source position measured at the

beam waist in the SASE2 undulator, which is at 74 m from

undulator’s downstream end. See text for descriptions.

UHRIX into the ‘Materials Imaging and Dynamics’ (MID)

instrument [39], presently under construction at the Euro-

pean XFEL. A schematic view of optical components essen-

tial to deliver photons with the required properties on the

sample for UHRIX studies is shown in Fig. 3. Optics are

shown as pictographs at certain distances from the source.

The source position is around 74 m inside the undulator.

This number was determined by back-propagation in free

space of the XFEL radiation from the undulator end.

The main optical components are as follows. A biconcave

parabolic refractive lens [40], creates a secondary source

on the 6-bounce angular dispersive ultra-high-resolution

CDDW+W monochromator. This is essential in order to

achieve a tight focal spot size on the sample because it elim-

inates the blurring that the strong angular dispersion of the

CDDW+W monochromator would otherwise cause [17].

The CDDW+W monochromator then selects a 0.1 meV spec-

tral bandwidth from the incident x-ray beam. CDDW+W is

a modification of a CDW-type angular dispersive monochro-

mator [16, 41, 42], which uses a three-step process of col-

limation (C), angular dispersion (D), and wavelength se-

lection (W) [43]. Finally, a parabolic compound refractive

lens CRL [40, 44] focuses the monochromatic x-rays on the

sample.

The x-ray spectrograph captures photons scattered from

the source in a sufficiently large solid angle and images them

in a spectral window a few meV wide with an 0.1-meV spec-

tral resolution in the dispersion plane. The dispersing ele-

ment (DE), a hard x-ray analog of optical diffraction gratings,

is a key component of the spectrograph. The spectrograph is

also capable of simultaneously imaging scattered intensity

perpendicular to the dispersion plane in a range of 0.2-nm−1

with 0.01-nm−1 resolution.

Supplementary optical components include a pair of offset

mirrors, which separate XFEL radiation from unwanted high-

energy bremsstrahlung, and the two-bounce, two-crystal non-

dispersive high-heat-load monochromator (HHLM). The

HHLM narrows the 1-eV bandwidth of the incident x-rays

to about 26 meV and thus reduces the heat-load onto the

ultra-high-resolution CDDW+W monochromator by a fac-
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tor of 36. The choice of optical elements of the UHRIX

instrument and their design parameters were determined by

dynamical theory calculations for monochromatization, and

by geometrical optics for focusing.

Verification of the design parameters, determination of

the efficiency of the system and calculation of the radiation

characteristics were performed by wavefront propagation

simulations from the XFEL source to the sample. GENESIS

[37] calculates the original wavefront of the SASE radiation

at the exit of the output undulator. SRW [45], calculates the

wavefront after propagation from the undulator through each

drift space and optical component in the beamline by using

Fourier optics. Simulations of the diffracting crystals with

SRW have just recently been made possible by the addition

of a new module [46], which has already been applied to the

design of the planned IXS beamline 10-ID at NSLS-II [47].

Results of the wavefront propagation simulations related

to the sample area are presented graphically in Fig. 4. The

spectral, time, spatial, and angular radiation pulse distribu-

tions and their parameters at the sample location (image

plane at z = 1018 m in Fig. 3), are provided in captions to

Fig. 4. The calculated radiation parameters at the sample

location are in good agreement with design values obtained

by the ray-transfer matrix approach and dynamical theory

calculations. Thus, the wavefront propagation simulations

confirm the soundness of the optical design of the UHRIX

instrument worked out initially by the ray-transfer matrix

approach and dynamical theory calculations. They also con-

firm the feasibility of the target specification.

The wavefront propagation simulations show that the

spectral flux from the XFEL undulator can be transported

to the sample through the UHRIX x-ray optics with a

30% efficiency and reach a remarkably high value of ≃

7 × 1013 ph/s/meV. This number exceeds by more than three

orders of magnitude the spectral flux numbers reported for

the state of the art IXS instruments at synchrotron radiation

facilities [9]. The specially designed crystal and focusing

optics ensure that ≃ 6.3 × 1012 ph/s/meV photons on the

sample can be concentrated in a spectral band of 0.09 meV,

on the spot with a 3.3(V) × 6.5(H) µm2 size, and with a

momentum transfer spread of . 0.015 nm−1.

DISCUSSION AND CONCLUSIONS

This article explores novel opportunities for ultra-high-

resolution IXS (UHRIX) at high repetition rate XFELs un-

locked by the recent demonstration of a conceptually new

spectrometer [1] with unprecedented specifications (0.6 meV

spectral resolution and 0.25 nm−1 momentum transfer), oper-

ating around 9 keV. Its exploitation, together with the broad-

band ultra-high-resolution imaging spectrograph proposed

in [17] will make it possible to fill the energy-momentum

gap between high and low frequency inelastic probes and to

provide exciting new opportunities for studies of dynamics in

condensed matter. In particular, UHRIX experiments can be

enabled at the European XFEL, where an increase of more

than three orders of magnitude in average spectral flux is ex-

pected compared to what is available today at synchrotrons.

The gain is due to two main factors: firstly, the high repetition

rate of the European XFEL, owing to the superconducting

linac accelerator driver, which allows up to 27000 X-ray

pulses per second, and secondly, the presence of long un-

dulators, allowing the combined implementation of hard

X-ray self-seeding (HXRSS) and post-saturation tapering

techniques. In particular, a double-chicane HXRSS scheme

increases the signal-to-noise ratio and eases the heat-load

on the HXRSS crystals to a tolerable level. This scheme is

expected to yield up to TW-level X-ray pulses. Simulations

of pulse propagation up to the sample position through the

UHRIX optics show that an unprecedented average spectral

flux of 7 × 1013 ph/s/meV is feasible. The power delivered

to the sample can be as high as 350 W/mm2 and radiation

damage can become a limitation but liquid jets and scan-

ning setups for solid samples can be employed to circumvent

eventual problems, see Ref. [39] and references therein.
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footprint size on the sample is 3.3 µm (V)×6.5 µm (H) (FWHM). (f) Angular distribution, 2D plot; (h) vertical cut through

the center of the fluence distribution; and (g) horizontal cut. Beam divergence on the sample is 220 µrad (V)×310 µrad (H)

(FWHM), corresponding to a 0.01 nm−1
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