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Abstract: We present a laboratory setup for near edge X-ray absorption spectroscopy (NEXAFS)
in the soft X-ray regime between 284 eV to 1303 eV with a resolving power of up to 1370. Based
on a laser-produced plasma source, a pair of identical reflection zone plates and an X-ray CCD
camera, the setup is intended for optical pump X-ray probe NEXAFS measurements with a
detectable change in absorption of the excited sample down to 10−4 and 500 ps time resolution.
Because of the high stability of the source the statistical error only depends on the detector
response and the number of photons detected and can reach the detector noise limit after a couple
of thousands single shots. Thus, structure-function relationship investigations of bio-molecules
are rendered feasible in the laboratory.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Near edge X-ray absorptions fine structure (NEXAFS) spectroscopy is an analytical tool which
yields information about the chemical surrounding of an atom. By observing the absorption
of X-rays with high energy resolution in the region of an absorption edge, unoccupied states
are probed and especially when using soft X-ray radiation, the electronic structure of molecular
orbitals can be investigated.

NEXAFS is commonly carried out at synchrotron radiation facilities or free electron lasers were
beamtime is limited. Therefore and due to the advent of suitable soft X-ray sources, laboratory
based NEXAFS setups have been introduced more frequently in the last couple of years. Such
setups are typically driven with high harmonic generation (HHG) [1–4] or laser produced plasma
(LPP) [5–7] sources coupled with high resolution spectrometers.

HHG sources produce polarized, coherent light with ultra-short pulse lengths down to few
hundreds of attoseconds, with the disadvantage, that the photon flux for photon energies higher
than 500 eV decreases drastically. Nevertheless NEXAFS investigations up to the N K-edge
have recently been demonstrated [8]. Using mid-infrared driving lasers for HHG even transition
metal L-edges are accessible [2]. However, due to the relatively low photon flux statistics of the
reported spectra are rather low. For the measured N K-edge data reported in [8] a signal-to-noise
ratio (SNR) below 10 can be estimated. LPP sources on the other hand reach much higher photon
flux while working at longer timescales. Different groups have shown successful LPP NEXAFS
measurements above the N K-edge [9,10] which have already demonstrated the potential of the
technique while not fully exploiting the possibilities concerning either high resolution or SNR.
An extension of static NEXAFS spectroscopy is optical pump X-ray probe NEXAFS (pp-

NEXAFS) spectroscopy where the photo-induced dynamics of the electronic structure of a
given sample is analyzed. Thereby, additional information compared to static measurements
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is accessible rendering the understanding of structure-function relationships in bio-molecular
systems feasible. While pp-NEXAFS is an established method [11–14], it has gained increased
popularity only recently [15–18] due to advances in source and spectrometer design. This is
especially true for soft X-ray pp-NEXAFS [19–21]. Pp-NEXAFS demands on the setup in respect
to energy resolution and SNR are high, as the induced absorption changes (∆A) and/or spectral
shifts can be very small. Depending on the sample, sample environment, pump pulse duration
and time delay typical differences ∆A are in the range of 2·10−1 to 5·10−2 [19,22], although
values smaller than 10−3 can occur [23]. Energetic shifts lie in the meV range [11]. Thus, highly
efficient and stable setups are mandatory.
We present an optimized setup for soft X-ray NEXAFS spectroscopy in the laboratory with

high spectral resolution, stability and efficiency. Adapted data acquisition modes and data analysis
lead to a maximal flexibility of the setup for investigations at photon energies starting at the C
K-edge up to rare earths M-edges. The performance of the setup for NEXAFS spectroscopy is
shown exemplary using thin foil samples demonstrating the comparability to state-of-the-art
setups at synchrotron radiation facilities. Finally, characterization measurements regarding the
statistical error of a pp-NEXAFS measurement are shown.

2. Experimental

The NEXAFS spectrometer is based on the design already presented in [27], where the
polychromatic, isotropic, pulsed soft X-ray radiation from a LPP source [25,26] is used for
scanning free X-ray absorption experiments in transmission mode [5]. In contrast to setups where
the energy is scanned, the absorption A is measured by the simultaneous collection of the whole
sample and reference spectra with dispersing optics and calculating the natural logarithm of the
ratio of the two. This collection is facilitated with off-axis reflection zone plates (RZP; Nano
Optics Berlin GmbH) and an X-ray CCD camera sensor (Greateyes GmbH, GE 2048).

The major advancement in the current setup is the use of identical pairs of RZP structures and
a larger CCD camera, enabling the detection of reference and sample spectrum simultaneously.
Additionally, an attached pinhole camera provides source position and size for each shot. In
the following the different components are described in detail focusing on the changes in the
optimized setup.
A schematic view of the setup is depicted in Fig. 1. A powerful Yb:YAG thin disk laser

(1030 nm, ≤ 200 mJ pulse energy, 100Hz repetition rate) is focused onto a rotating solid copper
cylinder to produce a continuous soft X-ray spectrum in the range of 100 eV to 1600 eV. Different
foils can be taped onto the copper cylinder to change the plasma emission spectrum with tungsten
foil used as the standard material for a quasi-continuous spectrum [5]. The surface of the cylinder
can be used for approximately 2 million shots (13 h @ 100Hz) before servicing. The used
tungsten foil (0.1mm · 570mm · 5mm, HMW Hauner GmbH & Co. KG) covers half of the
cylinder. Low to medium Z plasma targets like Cu produce isolated characteristic lines in the
emission spectrum which are beneficial for energy calibration, but may introduce artifacts in the
absorption spectrum. High Z targets produce quasi-continuous spectra with typically higher flux
resulting in shorter recording times. Due to a temperature gradient in the expanding plasma the
source size as seen by the spectrometer is different for different photon energies. An average
value over the whole energy range using the copper target yields a FWHM in the range of ∼50 µm.
In comparison to [27] the pulse duration of the laser and consequently also the X-ray pulse
duration can be continuously tuned between 500 ps and 30 ns.

The soft X-rays are emitted isotropically and are transmitted through the sample and reference,
with the reference most commonly being silicon nitride (Si3N4) windows which act as the support
for the transmission samples. The standard window size is 2·2mm⊃2 with a thickness of 150 nm.
The sample chamber has a manual linear feedthrough to adjust the height of the whole sample
stage. The horizontal position of both windows can be adjusted individually using two in-vacuum
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Fig. 1. Schematic view of the setup with laser system and pump beamline (top), source and
spectrometer (bottom).

motorized stages. The sample window is positioned 64 cm behind the source. Depending on the
investigated sample, filters can be inserted for debris protection. Due to the large source-sample
distance even without filters, NEXAFS measurements can be conducted for about 20 000 shots
before contamination becomes noticeable. Scattered laser light and the visual part of the plasma
spectrum are blocked using free standing XUV filter foils placed behind the sample chamber. For
measurements at absorption edges lower than 450 eV a 200 nm thin titanium filter and for energies
above 450 eV a 200 nm Al filter is used. Transmitted X-rays are dispersed by the RZP’s situated
150 cm after the source spot. The incidence angle at the design energy of the RZP’s is 2° and
the refraction angle is 3.66°. Each optical mounts consist of a motorized stage with 4 motors (2
translational and 2 rotational) and can hold 4 RZP’s simultaneously. The RZP’s are designed for
different focus energies, see Table 1 and can be selected by moving the stage in vertical direction.
Horizontal translation perpendicular to the optical axis as well as the rotation in the meridional
and sagittal plane are needed to adjust the RZP. The movement of the motors of the four different
RZP structures is sufficient to align the optics to any photon energy emitted by the source through
misalignment [24] thus, enabling NEXAFS spectroscopy of all existing absorption edges between
284 eV (C K-edge) and 1303 eV (Mg K-edge). The sample and reference spectra are collected
by an X-ray CCD 250 cm behind the RZP’s. A pinhole camera is installed along the optical
axis between the two X-ray beams paths. Therefore, each CCD frame contains the sample and
reference spectrum as well as an image of the source. The diameter of the pinhole is 50 µm, the
object and image distances are 140 cm and 260 cm. In front of the pinhole a 200 nm thick Al foil
is used to filter visible light and to restrict the photon energy range seen by the pinhole camera.

Table 1. Parameters of the used RZP structures

Structure Absorption edge Energie / eV Size / mm2

1 C K-edge 284 20× 80

2 N K-edge 410 15× 80

3 O K-edge 543 10× 80

4 Cu L3-edge 933 10× 80

5 Mg K-edge 1303 10× 80

The back illuminated CCD has a pixel size of 13.5·13.5 µm⊃2 and is cooled down to −30°C.
To reduce the read out time, detector noise and data size the CCD is usually binned 8-fold in
vertical direction reducing the amount of pixels to 2048·256. Higher binning values cannot
be used either because of saturation of the CCD or online data evaluation speed. The whole
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spectrometer consisting of plasma chamber and spectrometer divided by a gate valve is under
high vacuum conditions (10−7 mbar). The whole setup has a footprint of about 3m·4.5 m.
The cylindrical target is rotated after each laser shot in order to assure a fresh target surface,

which leads to a slight change in target position. Without correction the source spot travels in
a sinusoidal movement with an amplitude of about 50 µm during one full rotation. Due to its
slitless design the RZP spectrometer setup is sensitive to such changes resulting in a change of
resolving power and spectrum positioning on the CCD camera. In so called continuous mode
(at full repetition rate of the thin disk laser), a target correction system using a pinhole camera
attached to the plasma chamber as described in [26] reduces this source movement to a drift of
about 5 µm. Due to the high efficiency of the spectrometer setup, single shot images often already
utilize the whole dynamic range of the CCD camera. Therefore the continuous mode correction
method cannot be used routinely for data acquisition because the frame rate of conventional
CCD cameras is much lower than the repetition rate (100Hz) of the source. A new standard
single shot mode (SSM) is introduced which will be described in the following. Using SSM,
one NEXAFS spectrum is obtained with one shot of the source and a certain number of spectra
are collected. Experimentally to obtain a SSM image, a fast single blade shutter is inserted in
the laser system between seed diode and regenerative amplifier which opens for < 10ms so that
a maximum of one pulse can pass. The shutter is controlled by the CCD camera. After each
picture is taken the source spot on the CCD is evaluated with a 2D Gaussian fit yielding an (x,y)
position of the spot. Here x is the dispersion direction and y perpendicular to x. Because of
the geometry the spot on the CCD is more prone to changes in the y direction. The standard
deviation of the source position in x direction amounts to less than 5 µm. For the y-position
it reaches a maximum of 60 µm for taped foils such as tungsten and 50 µm for the bare copper
cylinder. As the position of the source moves in a slow sinusoidal fashion, this movement can be
corrected with a target correction motor which moves the cylinder in vertical direction, see Ref.
[26] for details. Such a correction was implemented resulting in a standard deviation of the y
position of 13 µm. Absolute shifts of the spectrum are dealt with in the data evaluation.
Due to the use of different RZP structures the energy resolution of the spectrometer is in

first approximation independent on the absorption edge energy and designed to be theoretically
E/∆E = 1750 for a source size of 35 µm. In practice this value is limited to 900–1500 by the
energy dependent source size and the charge cloud size of the CCD detector. Using two optical
elements instead of one introduces additional differences in sample and reference spectrum as they
are collected with two different RZP’s and filters. For quantification differences in reflectivity of
the RZP’s and filter transmission can be accounted for with characterization measurements as
they do not change with time. Generally, such systematic errors are below 5% (∼0.05 A). For
pump probe spectroscopy in general this is not necessary because the difference cancels out.

For pump probe spectroscopy a small part of the laser pulse is separated using a beam splitter
consisting of a λ/2-plate and a thin film polarizer. This guaranties that there is no time jitter
between pump and probe pulse. The intensity of the pump and probe beam can be adjusted using
the λ/2 plate and the current for the pump diodes of the laser system. The wavelength of the
pump pulse can be tailored using a pair of nonlinear crystals and/or a dye laser. The first BBO
crystal produces the 2nd harmonic (515 nm) of the laser and the second BBO generates the 3rd

harmonic (343 nm) by adding the 1st and 2nd harmonic. The 2nd or 3rd harmonic can be used as
pump for a dye laser that can be tuned between 400 nm and 900 nm, depending on the dye. With
the current 40 cm long linear stage the time delay between pump and probe pulse can be manually
adjusted between 0 and 2.7 ns. Longer time delays are possible by extending the pump beam
path. To eliminate possible long time instabilities of the laser or detector, the measurement mode
is implemented in such a way, that static and pumped NEXAFS images are collected alternating.
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2.1. Data evaluation

The data evaluation is automated using a routine written in Python. For most measurements a
couple of hundred or thousand SSM images are taken. Each CCD image is processed individually.
A section of 50 averaged CCD images taken with a TiO2 sample is shown in Fig. 2.

Fig. 2. Detail of 50 averaged SSM images with the reference (top) and sample (bottom)
spectrum as well as the image of the source (middle) using tungsten as source material and
1 ns pulse duration. The pixels are binned 8x in vertical direction. The Ti L-edge absorption
is clearly visible in the sample spectrum.

To acquire the NEXAFS spectrum from the CCD image the background is subtracted. The
parts containing the source image, the reference and sample signal are cropped. The source
image is evaluated using a 2D Gaussian intensity distribution in order to monitor the stability and
size of the source. To obtain the reference and sample spectra the counts in each pixel column of
the cropped parts are summed up. Because the RZP’s are facing each other the reference and
sample spectra are mirrored. Therefore the sample spectrum is flipped and then shifted onto
the reference spectrum energy axis. To improve the accuracy of this shifting process the spectra
are interpolated by a factor of 10 using a cubic spline. According to the Lambert-Beer law the
absorption A is obtained by the natural logarithm of the reference spectra R(E) divided by the
sample spectra S(E):

A(E) = ln
R(E)
S(E)

. (1)

During the collection of multiple images the source position slightly changes in x- and y-direction
(see above). The change in y-direction can be disregarded because of the summation of each
pixel column without any drawbacks. The change in x-direction is accounted for by shifting the
individual NEXAFS spectra before averaging which results in a 10% enhancement of energy
resolution. The energy axis is calibrated using tabulated atomic emission lines of the copper
plasma emission reference spectrum. This procedure is described in detail in [25]. The absolute
photon energy value can be determined with an uncertainty of 0.2 eV – 0.5 eV depending on the
existence and accuracy of tabulated atomic emission lines. Each summed pixel column forms an
energy channel with an energy dependent width between 0.06 eV (C K-edge) and 0.4 eV (Mg
K-edge)
Using a grating based diffraction optic, an enhanced field of depth can be achieved by

introducing an aperture such as a pinhole, slit or blade [24]. In our setup the sample and reference
windows can be used as an aperture. By moving the windows out of the collected solid angle
of the RZP’s in direction of dispersion one can increase the depth of field continuously. At the
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same rate the collected solid angle of the RZP decreases and therefore the number of collected
photons per image. Also the effective illuminated sample width is reduced and the sample is only
measured at one of its edges. This can be harmful for inhomogeneous samples and increases the
measuring time by a factor of 5–10. If the sample width is smaller than 200 µm the depth of field
is always high enough to cover more than 200 eV in one spectrum.

3. Results: NEXAFS spectra of transition metal samples

3.1. Preparation of anatase samples

Two anatase films were prepared in the following way. The anatase nanoparticle paste 18NR-T
(greatcellsolar) with a concentration of 0.12 g/ml in ethanol was deposited on a Si3N4 membrane
(150 nm thickness, 2× 2mm⊃2 area) using a spincoater with 960 rmp. The sample was heated
afterwards for 30 minutes and 280°C to remove carbon residues in the paste. For the first sample
this process was repeated three times resulting in a thin homogenous TiO2 film with a thickness
of 150± 30 nm. For the second sample it was repeated two times resulting in a 100± 20 nm
thick film.

3.2. NEXAFS spectra of transition metal samples

Figure 3 (top left) shows the TiO2 Ti L-edge NEXAFS spectrum of the 150 nm thick film. The
spectrum is the average of 1500 SSM spectra. Additionally a NEXAFS spectrum obtained using
only a single shot is depicted in red with in offset.

Fig. 3. Ti L and O K absorption edges of a 150 nm thick TiO2 sample using 1500 and 300
SSM images, respectively (top) Bottom: a spectrum containing both edges of a 100 nm TiO2
sample using 2000 SSM images (blue).

Features A-G are well known from literature [28,29,30] and clearly resolved in the spectrum
of Fig. 3 (top left), see Table 2. The pre-edge features A and B origin in multiplet core hole – d
electron interactions [30]. The L3 and L2-edges (features C-G) correspond to transitions from the
Ti 2 p3/2 and Ti 2 p1/2 orbitals into the 3d orbitals. Due to the octahedral geometry of anatase
the 3d orbitals (L2 and L3-edges) of Ti divide into two sets of different energies (crystal field
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splitting) corresponding to t2g and eg symmetry. Additionally the upper 3d eg level at the L3-edge
(features D, E) splits due to distortion of the coordination environment [29].

Table 2. Features in the Ti L and O K absorption spectra with reference values for the
measurements presented in Fig. 3.

Features Ti L
This work

Energy in eV
Reference [4]

Energy± 0.1 in eV Features O K
This work

Energy in eV
Reference [6]
Energy in eV

A 456.7± 0.2 456.7± 0.1 H 531.2± 0.2 531.3

B 457.5± 0.2 457.4± 0.1 I 534.0± 0.2 534.0

C 458.2± 0.2 458.3± 0.1 J 539.6± 0.2 539.3

D 459.9± 0.2 460.1± 0.1 K 545.2± 0.2 544.8

E 461.0± 0.2 460.9± 0.1 L 554 555

F 463.5± 0.2 463.7± 0.1

G 465.9± 0.2 465.7± 0.1

Figure 3 (top right) shows a measurement of the same sample at the O K-edge. 300 SSM
spectra have been averaged. Again the first two features originate from transitions into the t2g
and eg orbital [32]. Features J, K and L are transitions from the O 1s orbital into the covalent
mixed O 2p and Ti 4sp orbitals [31,33].
The accuracy of the measurement is equal to the standard deviation of the pre-edge region.

In the pre-edge region the noise level of the single shot NEXAFS is 3·10−2 and 9·10−4 for the
averaged spectrum following the Poisson limited 1/

√
n dependency where n is the number of

recorded SSM spectra. The resolving power of this measurement was determined to be 970± 10
using the FWHM of the atomic emission line of copper at 457.9 eV. For the O K-edge spectrum
in Fig. 3 (top right) the single shot spectrum has been measured with an accuracy ∆A of 4·10−2

in the pre-edge region while for the averaged spectrum this value was determined to be 3·10−3.
In Fig. 3 (bottom) the Oxygen K-edge and Ti L-edge of the second sample (d= 100 nm) was
measured at the same time using the O K RZP structure with 2000 SSM images (blue). To
measure with high resolution at both the Ti L-edge and O K-edge the vertical aperture has to be
reduced by a factor of 5–10 [24]. For comparison the Ti L-edge measurement is shown in black
with an offset. Here, the decrease of energy resolution is clearly noticeable at the O K-edge. The
noise of the black spectrum is visibly higher in comparison to Fig. 3 (top) due to the smaller
aperture and thinner sample. Additionally, differences in structure height ratio can be discerned,
which are in part explained by the use of two different samples and in part due to energy resolution
effects. While in the case of Fig. 3 (top) the maximal energy resolution was aligned to the two
respective edges, in Fig. 3 (bottom) the highest energy resolution lies somewhere between the
two edges and decreases slightly but noticeably towards higher and lower focus energies [27].
To demonstrate the capability of the setup for NEXAFS measurements at higher photon

energies, two experiments at the copper L-edge and magnesium K-edge were performed, see
Fig. 4. For the Cu L-edge a 200 nm thick metallic copper foil was used as sample. 2000 SSM
images were taken and averaged. The pre-edge region shows a standard deviation of 3·10−3.
To explore the limits of the current setup investigations at photon energies up to 1303 eV have
been accomplished. Due to the relevance of magnesium as central metal atom in photosynthetic
pigments [36] a 3 µm thick Mg foil has been chosen as sample subject. The Mg K-edge at around
1303 eV is at the high energy end of the LPP emission spectrum with 3 orders on magnitude less
photons per energy channel compared to the C K-edge. Therefore, Mg K-edge was measured in
continuous mode. 15 images with an exposure time of 15 s (1500 shots) were taken and averaged.
The general shape of the NEXAFS and oscillations in the extended X-ray absorption fine structure
(EXAFS) are visible but the noise is much higher than that of other measurements. To improve
the visibility of the NEXAFS features the black line shows a smoothed spectrum using a 2nd
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order 21 point Savitzky-Golay filter. The Mg K-edge is measured to be 1303.9± 0.2 eV which
agrees with literature (1303.6± 0.7 eV) [36]. The standard deviation in the pre-edge region is
8·10−3 in spite of accumulating 22500 shots. The standard deviation in the EXAFS region is
7·10−2. For a standard deviation of under 1·10−4 (pre-edge) or 1·10−3 (EXAFS) an exposure time
of about 4 hours in continuous mode would be needed. Both spectra in Fig. 4 can be calibrated
with an uncertainty of about 0.2 eV using the copper plasma emission lines in the 0.9–1.3 keV
region [27]. A maximum resolving power of 1370± 10 was achieved for the Cu L NEXAFS
using the Cu plasma emission line at 950.5 eV and 1140± 10 for the Mg K-edge using the Cu
plasma emission line at 1302.2 eV. The presented spectra in Fig. 3 and especially Fig. 4 show the
high-end performance of the presented setup, which is comparable with state-of-the-art results
obtained at synchrotron radiation facilities [28–36].

Fig. 4. Cu L-edge NEXAFS using a 200 nm Cu foil, 2000 SSM images (left); Mg K-edge
NEXAFS of a 3 µm thick Mg foil measured in continuous mode with a total exposure time
of 225 s (corresponding to 22500 shots) (right).

4. Statistical considerations concerning pp-NEXAFS

The presented quality of the spectra is the prerequisite for pp-NEXAFS investigations as the
changes of A in the NEXAFS spectra due to optical pumping can be very small (∼10−4) and must
be distinguished reliably for serious analytical investigations. To evaluate if the detection of such
small differences with a specific setup is feasible, the statistical uncertainties have to be assessed,
yielding the minimum number of SSM images necessary for a specific measurement. For this
purpose the possible noise contributions and their influence on ∆A are described in the following.

There are only three contributions to the statistical error ∆A of a NEXAFS measurement using
the spectrometer setup described above, the photon shot noise nph, the dark noise nd and the
readout noise nro of the detector. Following the error propagation of the Lambert-Beer law, the
statistical error can be described by:

∆A(E) =
√

eA + 1√
n2ph(E) + n2d + n2ro

(2)

The detector dark noise nd arises from thermally generated electrons within the CCD sensor. It
depends on the CCD sensor temperature and exposure time. Cooling the CCD and using exposure
times of a couple milliseconds, the detector dark noise is in the range of < 0.005 ph/channel and
therefore negligible.
The photon shot noise nph arises from the inherent statistical nature of photons. It follows

the Poisson distribution and is limited by the brightness of the source and the efficiency of the
spectrometer. Both parameters are energy dependent. If NPh is the number of photons in one
energy channel the photon shot noise nph is the square root of NPh. This statistical error is reduced
by measuring multiple times. Depending on the used filter, RZP and photon energy 500–5000
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photons/(channel·SSM image) are collected in the reference spectrum. Generally, an increase in
the number of SSM images reduces nph further following the square root dependency.
The signal on the CCD is measured in counts (cts) which are converted to photons using:

NPh(E) =
(
cts ∗ 3.65eV ∗ g

E

)
= n2ph(E) (3)

with g the gain, NPh(E) the number of photons and E the energy of one photon in eV. The factor
3.65 is the mean energy needed to create one electron hole pair in the silicon based detector. For
the used CCD camera the gain is 2.5 as supplied by the manufacturer and validated by single
photon event evaluation [37].
The detector readout noise nro originates from the process of converting the collected charge

into voltage in every pixel. It is added to the signal in every image taken. This error source can
only be reduced by pixel binning, slower readout speed and the use of the whole dynamic range of
the detector. As it is a specific measure of the used CCD camera, an experimental determination
in the spectrometer is advisable. At 1MHz readout speed a read-out noise per pixel nro_pixel of
1.3 counts, or 1.6 counts (8x binning) was measured. Due to the summation of pixels in the data
evaluation process, the contribution of the read out noise in every energy channel depends on
the number of pixels Npixel with noise nro_pixel summed. Therefore a minimization of Npixel is
desirable. The RZP structure focusses only radiation with the design energy onto the CCD. Other
energies are broadened in the vertical direction, resulting in a cross shaped pattern on the CCD.
In the focus region the spectrum is only 6 pixel high (FWHM) and correlates to the image of the
source’s height (50 µm). In the direction to lower or higher energies (horizontal) the spectrums
height increases linearly. The height can reach over half of the CCD size i.e. 1000 pixel. This is
only the case when the full solid angle of the C K RZP is used. When using standard 2·2mm⊃2
Si3N4 windows as sample support, the solid angle of detection is reduced and only roughly 400
pixels are illuminated. This means summing over 400 pixels will give an overall read out noise
in each channel of 26 counts. With 8x binning only 50 pixels are necessary to enclose the whole
spectrum leading to a noise of only 11 counts. This value can be reduced further to about 4
counts, when only one absorption edge is of interest because in this case only about +−20 eV
around the absorption edge is needed which renders the summation over only 5 pixels with 8x
binning sufficient. Depending on photon energy, sample and number of photons per channel
these 4 counts, convert into a noise level that cannot be undershot by accumulating measurements
in SSM of 2·10−4 (C K-edge), see Table 3.

Table 3. Typical parameters obtained with 120 mJ and 1 ns, 150 nm thick 2 mm·2 mm Si3N4
windows, W target.

RZP structure C K-edge N K-edge O K-edge Cu L-edge Mg K-edge

Readout noise limit 2·10−4 5·10−5 4·10−5 8·10−5 3·10−2

Mean photons cts/channel 700 2000 2000 500 1

Filter / nm Ti 200 Ti 200 Al 200 Al 200 Al 1500

As an example 500 images have been taken with the C K RZP structure and tungsten as target
material. In Fig. 5 the energy/channel dependent standard deviation of those 500 SSM NEXAFS
spectra is shown.
As sample and reference a standard 2·2mm⊃2 x 150 nm Si3N4 window was used. For

comparison the black dashed line shows the expected error derived from the measured sum
spectrum assuming only Poisson statistics. The basic shape of the curve follows the inverse of the
emission spectrum. Each SSM image has an error between 25·10−3 and 65·10−3 and the curve
agrees well with the calculation. This proves the assumption that the error originates primarily
from photon shot noise i.e. Poisson noise and no uncertainties from e.g. source instabilities occur.
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Fig. 5. The standard deviation derived from 500 SSM images yields the error of one single
measurement. For this measurement the C K RZP was used in combination with the tungsten
target. The measured standard deviation (grey) follows the calculated curve (black dash)
which is derived by assuming Poisson noise as sole source or uncertainty.

This also simplifies the estimation of the needed SSM image number to achieve a specific value
of certainty. On the CCD detector ∼ 500–5000 photons per channel (104−105 ph/eV), depending
on photon energy, filter transmission and laser pulse energy are detected per SSM image. For
example at the C K-edge a ∆A(E) of 65·10−3 was evaluated after data processing. This means
averaging 1000 SSM images reduces the standard deviation of the NEXAFS spectrum to 65·10−3

/
√
1000= 2·10−3. This is also confirmed by our investigations on TiO2 (Ti L-edge and O K-edge

spectra in Fig. 3 (top)). For example the Ti L-edge measurement yield a noise level of 3·10−2 for
the single shot NEXAFS. This value is reduced to 9·10−4 which is 3·10−2/

√
1500+ nro. When

measuring a sample this estimate has to be adjusted by the factor
√

eA + 1/
√
2 caused by the

increased absorption. For absorption values between 1 and 3 this is about 1.4 or 3.2 respectively.
This multiplies the needed number of collected SSM spectra with a factor of 2 to 10 to reach the
required certainty.
Figure 6 shows the needed number of SSM images to reach a certain value of ∆A(E) in a

logarithmic scale. The black lines show the scenario with a photon number per channel and SSM
images of 5000 and three different A values. A read out noise of 2·10−4 is included as an offset
in the calculation. A ∆A(E) of 10−3 is reached in a couple of thousand SSM images. The red
curves show the case with only 500 photons. Thus a ∆A(E) of < 10−3 can be reached within
accumulating 20.000 SSM for most sample systems. Due to the limited read out rate of the CCD
and switching speed of the pump beam shutter the data acquisition rate of our setup is currently
limited to 1.5Hz for NEXAFS and 0.4Hz for pp-NEXAFS measurements. Because the LPP can
run 24 hours a day autonomously about 34.000 SSM a day can be collected roughly reaching the
CCD readout noise limit. If one could use the full 100Hz of the system (e.g. by applying a high
readout out rate sCMOS camera [38]) the same SNR could be accessible in only 6 minutes.

In pump probe spectroscopy the result is normally displayed as a difference spectrum Dpp(E, t).
The excited state spectrumApumped(E, t) is subtracted from the ground state spectrumAunpumped(E).

Dpp(E, t) = Apumped(E, t) − Aunpumped(E) (4)

The error of the excited state spectrum and the ground state spectrum are basically the same if
the number of SSM images is equal for both spectra. The error of the difference is therefore:

∆Dpp(E, t) =
√
∆A2

pumped(E, t) + ∆A2
unpumped(E) ≈

√
2 ∗ ∆Apumped(E, t) (5)



Research Article Vol. 27, No. 25 / 9 December 2019 / Optics Express 36534

Fig. 6. The error ∆A of a NEXAFS spectrum independence on the number of averaged
SSM images.

The stability of the source is high enough that it is even possible to evaluate only the sample spectra
Sunpumped(E, t) and Spumped(E, t) for the determination of Dpp(E, t). Following the Lambert-Beer
law the error of the difference can also be expressed with:

∆Dpp(E, t) = ln

√
Sunpumped(E, t)
Spumped(E, t)

(6)

In that way the noise introduced by the reference spectrum is bypassed reducing the error of the
difference by a factor of

√
2.

Figure 7 shows the difference of a blank measurement using the C K-edge RZP. As sample
and reference a standard Si3N4 window was used. The difference between 4000 SSM images
each was calculated. Shown here is only the difference of the sample spectra. The difference is
clearly dependent on energy due to the varying brightness of the source. In the region from 275
to 325 eV the noise i.e. standard deviation of the difference spectrum is 1·10−3 and in the region
from 350 to 400 eV were the source is more bright, the noise is 5·10−4.

Fig. 7. The difference spectrum of 8000 SSM images measured with the C K RZP’s is
shown.

5. Discussion and Outlook

The presented setup consisting of a highly efficient and stable LPP source and anX- Ray absorption
spectrometer shows the feasibility of utilizing table-top instrumentation for state-of-the-art X-ray
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absorption spectroscopy with soft X-rays. The setup facilitates NEXAFS spectroscopy in the
range between 284 eV and 1303 eV with a resolving power E/∆E of up to 1370. The high
efficiency and stability of the system are the prerequisites for the detection of minute changes in
transient X-ray absorption. We have shown that dynamic differences in X-ray absorption down to
10−4 induced by optical pumping can be resolved rendering this setup suitable for a wide range
of applications. Additionally, the possibility to measure absorption edges above 500 eV with high
energy resolution makes this setup unique. First, the high average power laser with sub-ns pulse
duration and the solid state target system guarantees high conversion efficiency from laser light to
soft X-rays well beyond 1 keV. Second, the use of RZP optics in slit-less spectrometer geometry
allow for high resolution single shot spectroscopy due to the utilization of a large collection angle
compared to standard VLS spectrometers. And third, the high source stability due to shot to shot
target correction mechanisms and simultaneous collection of sample and reference spectrum lead
to the possibility for Poisson noise limited statistics.
The extension of the setup for simultaneous pp-NEXAFS measurement of two or more

absorption edges with high resolution is possible, if an aperture is included in the setup. However
in this case the throughput of the spectrometer is reduced by a factor of 5–10. The use of curved
surfaces for the grating structures would be one option to eliminate this deficiency. Measurement
times from a few seconds (C, N, O-edges) to hours (K-edges of Mg compounds or M-edges of
rare earths compounds) are necessary for high quality spectra. Depending on the photon flux,
two different modes (single shot and continuous) are available, which are mandatory because of
the use of a conventional X-ray CCD detector. If 16-bit back illuminated sCMOS cameras with
small pixel size and higher readout-speed become readily available and the 100Hz signal of the
source could be exploited, measurement times will be reduced drastically.
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