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X-ray absorption spectroscopy using a self-
seeded soft X-ray free-electron laser
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Abstract: X-ray free electron lasers (XFELs) enable unprecedented new ways to study the
electronic structure and dynamics of transition metal systems. L-edge absorption
spectroscopy is a powerful technique for such studies and the feasibility of this method at
XFELs for solutions and solids has been demonstrated. However, the required x-ray
bandwidth is an order of magnitude narrower than that of self-amplified spontaneous
emission (SASE), and additional monochromatization is needed. Here we compare L-edge x-
ray absorption spectroscopy (XAS) of a prototypical transition metal system based on
monochromatizing the SASE radiation of the linac coherent light source (LCLS) with a new
technique based on self-seeding of LCLS. We demonstrate how L-edge XAS can be
performed using the self-seeding scheme without the need of an additional beam line
monochromator. We show how the spectral shape and pulse energy depend on the undulator
setup and how this affects the x-ray spectroscopy measurements.
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1. Introduction

X-ray Free Electron Lasers (XFELSs) are unique sources for the study of electronic and atomic
structure and dynamics, dramatically extending the capabilities of synchrotron radiation (SR)
sources, which have been at the center of such studies over the past several decades [1]. The
ultra-bright femtosecond (fs) x-ray pulses produced at XFELs allow not only the studies of
ultrafast dynamics [2—6] and materials in extreme short-lived conditions [7], but also they can
probe a sample faster than the onset of x-ray damage [8—11]. The seeded FERMI FEL at
Elettra Synchrotron Trieste, Italy (~12-300 eV) also allows well-controlled experiments based
on nonlinear techniques [12] and coherent control [13] mainly in the vacuum ultraviolet
(VUV) spectral region.

To study the electronic structure of complexes such as catalysts, metalloenzymes, bio-
inspired materials, and correlated electron systems, x-ray absorption spectroscopy (XAS), in
particular in the soft x-ray regime, is a powerful tool. Prominent examples in the soft x-ray
regime are 3d transition metal L-edge and ligand K-edge XAS, with their high sensitivity to
oxidation and spin states, and the potential to extract the order of orbital energy levels, the
symmetry and the covalency of the studied complexes [14-19]. These methods have been
successfully applied to date at synchrotrons, and they are being established at XFELs to
investigate ultrafast dynamics in chemical reactions on surfaces [20-23], in liquids
[3,4,24,25] and gases [26].
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In standard operation, LCLS delivers a beam of x-ray pulses generated by the self-
amplified spontaneous emission (SASE) process [27], where the pulses have a relative
spectral width of the order of 0.5%. Soft x-ray L- and K-edge XAS in the 250-1000 eV range
typically require a spectral resolution corresponding to 0.05%, hence the beam has to be
passed through a grating monochomator (~20% reflectivity) with a bandwidth- narrowing exit
slit, although it has been shown that at ~100 eV experiments without an exit slit can be
performed [28]. As a consequence of these and related losses in typical soft x-ray beamlines,
the monochromatic peak flux on the sample at the soft x-ray endstation (SXR) of LCLS is
reduced to a few percent of the original peak flux depending on the selected resolving power
[29-33]. This reduced monochromatic photon flux is a limitation in particular for L-edge
absorption spectroscopy of 3d transition metal atoms for dilute samples such as
metalloenzymes (~mM) and for more complex techniques that require a particularly high
average flux such as inelastic x-ray scattering (RIXS) measurements that hold great potential
for quantitative electronic structure analyses [4].

To address these limitations imposed by the SASE process for soft x-ray spectroscopy
applications, a new soft x-ray self-seeding mode of operation has been demonstrated and
implemented recently at the LCLS [34]. In self-seeding, the monochromatization is
performed before the laser amplification. As a consequence, one can obtain a higher spectral
brightness as compared to SASE where the monochromatization is done post lasing [34]. For
this, the FEL is split into two FELs and a monochromatic beam generated by passing the first
FEL through a grating monochromator is used to (self) seed the second FEL. The
amplification in the second FEL thus starts from a well-characterized seed and the losses in
the grating monochromator in the first FEL proceed the amplification in the second FEL. One
can therefore expect an improvement for soft x-ray spectroscopy applications by a narrower
bandwidth and a higher peak and average flux in the self-seeded mode of LCLS compared to
the SASE mode, as discussed in the body of the paper.

In this paper we test this hypothesis by explicitly investigating the feasibility of XAS
when using the soft x-ray self-seeded mode of operation of the LCLS. With XAS at the L
absorption edge of a dilute solution of a 3d transition metal Mn sample, we address in detail
the influence of changes in resolving power, wavelength stability, peak and average flux
when going from SASE to the self-seeded mode. In addition, we investigate how spurious
effects in the self-seeded mode such as backgrounds caused by competing SASE growth and
distortions to the seeded wavelength due to a non-ideal electron beam affect the XAS results.
We close with an outlook towards using seeding schemes for soft x-ray XAS and RIXS and
their time-resolved versions and the potential use of seeded FELs for non-linear variants of
these methods.

2. Methods
2.1 Experimental setup

Data collection of the partial fluorescence yield (PFY) measurements were performed at the
SXR instrument at the LCLS [29-33,35] as described by Mitzner et al. in [24]. A schematic
drawing of the set up including the self-seeding scheme of the FEL is depicted in Fig. 1.
MnCl, aqueous solution samples (500 mM) were injected into the x-ray beam in the liquid jet
end station (LJE) [36] by means of an electrohydrodynamic-focused liquid jet of several
micrometers in diameter in the cone-jet mode [37]. PFY data were collected by either using
the SASE pulse and a grating monochromator, or pulses produced with the self-seeding setup.
In the first case, the incoming energy is scanned by the beam line monochromator, while in
the latter case the seeded mode monochromator is scanned (see below). The x-ray pulses had
a duration of ~100 fs at a repetition rate of 120 Hz. The number of photons per pulse on the
sample and the spectral width of the pulses depends on the operation mode of LCLS and the
beamline settings as will be discussed below. A Kirkpatrick-Baez optics system was used to
produce a beam size of 70 (v) x 30 (h) pm? at the sample. The PFY signal was detected using
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a reflection zone-plate (RZP) spectrometer with an energy bandwidth of 20 eV, (Fig. 1)
[24,38] where for the first time a new-generation 3-dimensional laterally depth-graded RZP
was implemented. Using a RZP allows to discriminate the O K emission from the Mn L
emission especially for systems in aqueous solutions [24]. In addition, it allows a clean
determination of I through its zero-order reflection. Two 2-dimensional CCD cameras (iKon-
L 936, Andor Ltd., UK) were used to integrate the dispersed fluorescence from the sample as
well as the zero-order reflection from the zone plates for each energy point while scanning a
XAS spectrum. The CCD cameras were cooled to —60°C in order to decrease thermal noise.
Integration time per energy point was 10 seconds, images were corrected for background
signals as discussed below, and normalized to the total fluorescence signal given by the zero-
order signal in the CCD images. The scanning range and step size are visible in Fig. 4.

The synchrotron fluorescence data of 500 um MnCl, in H,O run in a GDVN jet, were
recorded using the RZP spectrometer with same settings as above at beam line U41 PGM at
Bessy II with a photon flux of 8.8'% photons/second and a beam size of 100 (v) x 50 (h) um?
at the sample. The bandwidth defined by the monochromator exit slit opening of 40 um was
AE =450 meV.

2.2 Soft X-ray self-seeding

Operating LCLS in the standard SASE scheme leads to a spectral bandwidth of
approximately 0.5% of the incident photon energy in the soft x-ray regime, corresponding to
~3 eV at the 640 eV Mn L;-edge [29]. In order to achieve the resolution for Mn L-edge XAS
(core-hole lifetime leads to line width of ~0.3 eV at the L; absorption edge), the SASE pulse
is filtered with a beamline monochromator situated in the experimental hutch (‘SXR mono’ in
Fig. 1). The photon flux is therefore reduced by the grating efficiency of the monochromator
in first order (20-35% [29]), and the selection of a narrow bandwidth by the monochromator
exit slit.

Top view
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Fig. 1. Schematic of the self-seeded mode setup for L-edge XAS experiments at LCLS.
[Scheme adapted from Ratner et al., Phys. Rev. Lett. 114, 054801 (2015).]

Alternate to SASE operations, LCLS can operate using the self-seeded scheme [34]. In
this scheme, a grating monochromator placed upstream after eight undulator sections selects a
narrow spectral bandwidth of x-rays that are slightly delayed by the extra pathlength (see Fig.
1). The electrons, passing through a chicane to match that delay, will overlap with these
monochromatic photons in the subsequent undulator sections. These monochromatic x-rays
then act as a seed for the subsequent amplification in the second set of undulators (‘Seeded
FEL’ in Fig. 1), resulting in a self-seeded beam that does not require the additional beam line
monochromator or exit slit as necessary in SASE mode. We therefore tune the beamline
monochromator (‘SXR mono’ in Fig. 1) for Oth order reflection (R~80%) to keep the beam
path and open the exit slit of the monochromator, as to not interfere with the x-ray beam.
Because the loss in the self-seeding monochromator preceeds the amplification, this approach
results in higher brightness than the use of a beamline monochromator that filters out a large
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fraction of the saturated XFEL power. On the other hand, the self-seeding mode can suffer
from significant backgrounds, caused by competing SASE growth as well as distortions to the
seeded spectrum due to a non-ideal electron beam [39,40]. Using fewer undulator sections
improves the spectral quality of seeded beam spectra, but also reduces the final saturation
power. As a result, the actual gain of the self-seeding mode compared to SASE mode with a
beamline monochromator can vary significantly depending on the desired bandwidth, spectral
quality, and photon energy. Hence the number of undulators was varied based on its effect on
the XAS spectra of prototypical MnCl, complex solution.

3. Results and discussion

To perform absorption experiments in the soft x-ray region (250-1000 eV) at an XFEL
facility requires an incoming photon energy bandwidth narrower than the SASE bandwidth,
and there are three options to achieve this: (a) use of the SASE mode plus a beamline
monochromator, (b) use the self-seeded mode without an additional monochromator, or (c)
use a combination of the self-seeded beam plus the beamline monochromator to eliminate the
background and possibly achieve higher spectral resolution. To estimate their feasibility,
multiple questions need to be addressed: How does the self-seeded beam spectral shape vary
for a different number of seeded FEL undulators (second undulator set in Fig. 1)? How does
the corresponding intensity vary relative to the expected SASE intensity? How does the self-
seeded beam spectral shape affect the spectral contrast of the XAS experiment?

(@) Seeded beam (® Beam condition:
_ 04 — 19undulators | gl — 27 undulators |
2 — 18 undulators seeded
E 03} —— 17 undulators _-"t~.""" SASE
- A Y
= --- SASE 04f . ]
> , \
Z 021 (corrected for | . Sy
o mono efficiency) e S
= 04 -02 00 02 04 02k L, .
0.0 L
-3 -2 -1 0 | 2 3
Relative energy (eV) Relative energy (eV)

Fig. 2. (a) Average spectra of the self-seeded beam for 17, 18 and 19 undulators plotted with
the SASE spectrum corrected for the monochromator efficiency of 0.22 (black dashed). The
inset shows the enlargement of the main peak region with all spectra normalized to their
maximum value. (b) Comparison of the SASE spectrum (without correction for efficiency) to
the seeded beam spectrum for 27 undulators, leading to a strongly increased background.

The spectral shape of the seeded beam spectrum contains three components, which
depend on the number of undulators used: the narrow main peak, the SASE background, and
a pedestal which, in light of the XAS applications here, can also be qualified as background.
The SASE signal grows in the second FEL, where parts of the electron beam are not properly
seeded and unseeded amplification increases. The pedestal background is driven by
interactions between the seed and a non-ideal electron beam [34,40]. Therefore, the spectrum
of the self-seeded beam depends on the number of undulator sections used in the seeded FEL.
Figure 2(a) shows the dependence of the intensity and shape of the FEL spectrum on the
number of undulator sections used for 17, 18 and 19 sections, and the inset compares their
spectral shape normalized to the maximum in a narrow energy range. The narrow seeded peak
is accompanied by an asymmetric background originating from the SASE and pedestal
signals. When using a larger number of undulators, the intensity in the spectrum increases
(see Table 1). At the same time, the fraction of the background (pedestal + SASE) increases
from 35% for 17 to 54% for 19 undulators. For 27 undulators, the background signal
dominates the total pulse energy with the maximum of the seeded spectrum being around 1.5
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times the maximum of the SASE spectrum (Fig. 2(b), Table 1). The more undulators in the
second FEL are used, the stronger is the absolute and relative pedestal background due to the
coupling between the growing sideband and the growing seed [40]. The relative increase of
the SASE background signal then results from the fact that the seeded signal reaches
saturation before the SASE signal does. In future operation, the background contribution may
be reduced by improving the suppression of the microbunching instability in the electron
beam.

In addition to the change in intensity of the seeded peak and the pedestal or the total
background (as well as their ratio), varying the number of undulators can affect the spectral
width of the main peak, being a combination of the seeded beam and the pedestal intensity.
Hence the spectral resolution is determined by the parameters of the self-seeding, which are
defined for each undulator setting. These are fixed for a given electron beam energy and pulse
length (see Table 1). The spectral width can be made narrower intentionally either from
coherent broadening when shortening the pulse, or by forcing a chirp on the wavelength by
putting a quadratic dependence on the electron energy. When using a beamline
monochromator in SASE operation, the energy resolution is inversely proportional to the
intensity and hence the effective pulse energy as it is given by the exit slit settings, can be
optimized to the spectral requirements of each experiment, different from a self-seeded beam.

As shown in Table 1, the pulse energies reached in the seeded beam also depend on the
number of undulators used in the seeded FEL. To estimate the pulse energies at the sample
for both the self-seeded and the SASE modes of operation, the specific beam line setup has to
be taken into account. All of the optical elements of the SXR instrument are employed for
both the SASE and the self-seeded modes of operation. Therefore, the difference between the
two modes is the incoming pulse energy, the setting of the beamline monochromator to either
Oth or Ist order, which leads to different reflectivity properties, as well as the opening of the
exit slit (see Table 2). Here, the pulse energies before all optical elements were measured
using a gas detector chamber, while the pulse energies after the monochromator exit slit were
determined by the gas monitor detector. The front-end enclosure gas detectors (calibrated by
the so-called electron loss scan method) are of different type than the so-called “Gas Monitor
Detector” (GMD) in the SXR beam line. The GMD is absolutely calibrated, so the mJ pulse
energy is measured (not calculated) after the monochromator but in front of the KB optics to
less than approximately 10% [32,33].

Table 1. Summary of results of the seeded beam spectra for 17, 18 and 19 undulators. At
640 eV, 1 mJ corresponds to 9.75x10'* photons.

Number Total Main peak Main Background weight
of intensity FWHM peak weight (%)° (SASE + pedestal) (%)"
undulato (mJ)* (meV)

rs

17 0.081 147 65+4 35+4

18 0.184 207 59+3 41+3

19 0.271 259 46+1 54+ 1

27 1.311 310 20+5 80+5

* The total intensity is determined by the signal measured in the gas detector before any optical elements of the SXR
beamline.
® The error bars represent the standard deviation of the mean value for different fitting approaches.

The corresponding pulse energies for the three options to achieve high resolution for XAS
are compared in Table 2, with option (b) (self-seeded without monochromator) generally
leading to highest pulse energies in the sample area. Calculated and experimental pulse
energies at the sample, after all optical elements, are compared in the two bottom rows of
Table 2. Note that the experimental values were measured before the two KB mirrors and
corrected in Table 2 by the reflectivity of these mirrors. No error bars are given for the
experimental values due to the unknown dependence of the transmission ratio on the exact
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beam path. However, an overall agreement between the calculated and experimental values is
observed.

Table 2. Estimated values of pulse energy before and after the beamline optics at 640 eV
for the three different combinations of beam characteristics and monochromator
settings. At 640 eV, 1 mJ corresponds to 9.75x10'? photons per pulse.

(a) SASE + monochromator (b) Seeded (c) Seeded + monochromator
Undulators all 17 18 19 27
Pulse energy before optics 2.0 0.081 0.184 0.271 1.3
(mJ) *
Bandwidth AE (meV)" 200 400 600 200 400 600

Pulse energy after optics (mJ)| 0.003° 0.007° 0.010° | 0.009° 0.021¢ 0.031°]0.007° 0.012° 0.016°
Calculated:
Measured: 0.012 | 0.006 0.033
* Experimentally derived values as read by the upstream gas monitor.

® The bandwidth is given by the opening of the monochromator exit slit.

¢ Estimated from 15”6 * ry * (PE(AE)) * c.

4 Estimated from PE * ro?7 * c.

Here, PE = incident pulse energy; ro = reflectivity of the six optical elements, which was determined as 0.79; ry =
reflectivity of the beamline monochromator in 1st order = 0.22; PE(AE) = pulse energy of the LCLS spectrum with a
band width after the exit slit (AE) as given in the third row; and ¢ = clipping of the beam by the mirrors = 0.6.

Beside the difference in pulse energy for the three options, an additional important
consideration is the effect of spectral contrast. The background varies with the number of
undulators and affects the contrast of the L-edge absorption spectra. To estimate this effect,
we utilize a sharp L-edge absorption spectrum that is not broadened by the experimental
resolution. In Fig. 3(a), the experimental L-edge partial fluorescence yield spectrum of a
MnCl, solution is shown for a SASE + monochromator setup [24]. The energy bandwidth
was set to 300 meV. To obtain the spectrum independent of experimental bandwidth, this
measured spectrum was deconvoluted with a Gaussian of FWHM = 300 meV, (see dashed
curve in Fig. 3(a)).

| B0 o e m | m m m S S e — 10FT T T T T T T 7T
MnCl Deconvoluted spectrum
08 @ : ® broadened with:
S — imental dat, 1 - - -
J S 2 08 — Gaussian (FWHM=300 meV)
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06k seeded (18) |

| — seeded (19)

04F
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Fig. 3. (a) Experimental fluorescence data of MnCl, solution [24] together with the
experimental broadening deconvoluted spectrum. (b) The deconvoluted spectrum convoluted
with a Gaussian of FWHM = 300 meV and the three predicted seeded beam spectra for 17, 18
and 19 undulators (see text, normalized to one at maximum).

Figure 3(b) then shows as a consistency check the convolution of this deconvoluted
spectrum with a Gaussian of FWHM = 300 meV, which naturally reproduces the
experimental spectrum. We compare this conventionally measured spectrum with the
absorption spectrum predicted for XAS measurements in the self-seeded mode in Fig. 1. For
this the deconvoluted spectrum was convoluted with the measured FEL spectra (from Fig. 2)
when using 17, 18 and 19 undulators in the seeded FEL. All three curves contain all spectral
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features known from the conventionally measured spectrum. With increasing weight of the
SASE and pedestal background in the seeded beam spectra for increasing number of
undulators in the seeded FEL, we expect the curves to get broader and weak features to smear
out slightly. Especially for a large number of undulators, the broad background is predicted to
create asymmetries as best seen for low energies around 638.5 eV in Fig. 3(b).
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Fig. 4. Comparison of the experimental L;-edge partial fluorescence spectra of MnCl, solution
(L;-edge region) for the two modes: SASE + monochromator in 1st order with an energy
bandwidth FWHM of 300 meV [24], and self-seeding + monochromator in Oth order. Since the
L;-edge life-time broadening is smaller than the one at the L,-edge, only the L;-edge is shown
here. For comparison, the synchrotron fluorescence yield spectrum is given.

We could confirm these predictions with a PFY-XAS spectrum measured in self-seeded
mode. This is shown in Fig. 4, where the measured Mn L; absorption spectra of MnCl, in
solution are compared for the conventional approach with SASE + monochromator with an
exit slit bandwidth of 300 meV [24] (i.e. option (a)), and the new self-seeded approach with
18 undulators in the seeded FEL (i.e. option (b)). All spectral features are visible as expected
from the predictions in Fig. 3. This emphasizes the feasibility of high resolution XAS in the
self-seeded mode of operation with an increase in photon flux. The comparison to a
synchrotron fluorescence spectrum further shows that the same spectral shape is reached from
both types of facilities. Thus, the reason to use an XFEL is its possibility to provide critical
information not accessible at a synchrotron, including dynamics down to fs times as well as
obtaining and damage free spectra due to the ultra short life-time of the XFEL pulse [1].

Expecting a corresponding increasing interest in the approach based on self-seeding we
now turn to a general discussion of advantages and disadvantages of the three options for
measuring XAS at a free-electron laser ((a)-(c), see above). The main advantage of option (a)
(SASE + monochromator) is the continuous tunability of the spectral width for a fixed pulse
duration. The pulse energy at the sample is inversely proportional to the spectral resolution.
The main disadvantage of (a) however, is the loss in pulse energy from both the limited
grating throughput and the size of the exit slit, as discussed above (see Table 2).

The main advantage for option (b) (self-seeded without monochromator) is the higher
photon flux at the sample by a factor of three as compared to option (a), despite the lower
incoming pulse energy (Table 2). In addition the minimum achievable spot size is smaller
when working without monochromator.

The main advantage in option (c) (self-seeding with monochromator) is the spectral
filtering of the main peak upon suppression of the background, leading to a higher spectral
contrast. Due to the suppression of the background signal by the energy selection, a higher
number of undulators in the seeding FEL can be used, regardless of the increased background
signal. For the same energy resolution as in option (a), this leads to an increase in pulse
energy by around a factor of 1.5.
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4. Conclusion and outlook

We have shown that ultrafast monochromatic soft x-ray pulses based on the self-seeding
method at LCLS can be directly used without an additional monochromator, to record Mn L-
edge absorption spectra. We find that sufficient resolution to discern spectral fine structures
can be reached by comparing the partial fluorescence detected XAS spectra of aqueous MnCl,
solutions measured in the self-seeded mode of operation of LCLS with the spectrum
measured with the conventional approach based on a monochromator. The spectral shape and
intensity of the self-seeded beam depend on the number of undulators used in the seeded FEL,
providing some tunability of these parameters to achieve the desired combination of intensity
and resolution. Compared to the SASE plus monochromator beam, the self-seeded beam
mode resulted in a higher intensity on the sample by approximately a factor of three. With
future enhancements in the seeding schemes, this factor is expected to go up. We note that the
self-seeding scheme is applicable in a large energy range of 500-1000 ¢V, which eventually
may extend to the operating range 300—-1200 eV [34].

Future enhancements in the self-seeding mode can be expected by improving the
suppression of the microbunching instability, increasing the seed power, increasing the
undulator taper range, reducing the frequency jitter in the LCLS, and with a more stable
XFEL source. These improvements will lead to an increase in pulse energy and a suppression
of the background signal, giving a stronger spectral contrast in the self-seeded beam spectra.
Being able to drive the seeded pulse deeper into lasing saturation will reduce the intensity
fluctuations as compared to SASE. Finally, external seeding technologies might help to
further improve the signal to background ratio and are under study for the LCLS-II project.

As a consequence, it will widen the setup options using the seeded beam mode and allow
more customized setups for future experiments including absorption and RIXS. We anticipate
that the self-seeding mode will become the routine choice for soft x-ray spectroscopy at
current and future XFEL facilities. The approach presented here will further establish XFEL-
based L-edge x-ray spectroscopy as a powerful tool to study the electronic structure of many
systems such as metalloenzymes and biomolecules, inorganic complexes, and correlated
electron systems. The method should also be applicable to photoemission spectroscopy and,
in general, to methods that require a narrow energy bandwidth of the incoming photons.
Finally, it will also open up the possibility of doing experiments using nonlinear effects, since
these are particularly sensitive to changes in the beam brilliance.
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