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Abstract
X-ray photoelectron spectroscopy (XPS) measures the binding energy of core-level electrons,
which are well-localised to specific atomic sites in a molecular system, providing valuable
information on the local chemical environment. The technique relies on measuring the
photoelectron spectrum upon x-ray photoionisation, and the resolution is often limited by the
bandwidth of the ionising x-ray pulse. This is particularly problematic for time-resolved XPS,
where the desired time resolution enforces a fundamental lower limit on the bandwidth of the
x-ray source. In this work, we report a novel correlation analysis which exploits the correlation
between the x-ray and photoelectron spectra to improve the resolution of XPS measurements.
We show that with this correlation-based spectral-domain ghost imaging method we can
achieve sub-bandwidth resolution in XPS measurements. This analysis method enables XPS
for sources with large bandwidth or spectral jitter, previously considered unfeasible for XPS
measurements.

Keywords: x-ray photoelectron spectroscopy, free-electron laser, ghost imaging, AMO
physics
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of the target. In this case, the binding energy (BE) is defined
as
BE = 1) — KE, (D

where KE is the measured photoelectron kinetic energy and
h§) is the x-ray photon energy. In this type of measure-
ment, the energy resolution is limited by the resolution of the
electron kinetic energy measurement and the properties of the
incident x-ray pulse. The significant resolving power of high
resolution electron spectrometers means that in standard x-ray
photoelectron spectroscopy (XPS) measurements, the band-
width of the incident x-ray pulse is typically the primary lim-
itation for energy resolution. This becomes problematic for
time-resolved XPS measurements using ultrashort pulses, due
to the large bandwidth required to support ultrashort (even
sub-femtosecond) pulses. Moreover, this measurement scheme
is challenging for x-ray sources with inherent instabilities in
shot-to-shot photon energy and requires accurate measurement
and/or control of the central photon energy of the probing x-ray
pulse.

These considerations pose a significant challenge for XPS
measurements at x-ray free-electron laser (XFEL) sources.
XFELs provide high-brightness, continuously tunable x-ray
pulses down to attosecond pulse durations [1], making them
an ideal source for time-resolved measurements. The inherent
bandwidth of few-to-sub femtosecond pulses strongly limits
resolution regardless of source stability, and the inherent spec-
tral jitter associated with self-amplified spontaneous emission
(SASE) operation further degrades the available resolution for
XPS measurements with XFELs.

In this paper, we present a correlation-based analysis
method to perform XPS measurements with a fluctuating x-
ray source. By correlating single-shot measurements of the
photoelectron kinetic energy spectrum and the incident x-ray
spectrum, we are able to achieve sub-bandwidth resolution
in the extracted XPS spectrum. Our technique exploits the
shot-to-shot changes in incident x-ray spectrum which are
inherent to SASE operation of an XFEL. We demonstrate
that the resolution of XPS measurement is in no way lim-
ited by the bandwidth of the incoming pulse, and is instead
ultimately restricted by the measurable variation in the incom-
ing x-ray spectrum. Although particularly amenable to XFEL
measurements, the technique can in principle be applied to any
photoelectron spectroscopy measurement using a noisy x-ray
source.

The working principle of our method is based on ‘ghost
imaging’. In the spectral domain, the unknown absorption
spectrum of a sample can be reconstructed by correlating two
synchronous measurements: a reference measurement of the
spectrum of the illuminating source, and a ‘bucket’ measure-
ment of the total absorption through the sample. For one-
dimensional spectral ghost imaging, the bucket measurement
consists of a single measurement. This total absorption can
be measured from the depletion in the incident light pulse,
or from a measurement of photo-products (electron, ion, or
flourescence yield). Whilst this technique has been exploited
in the spectral domain [2-7], it was originally developed for
spatial imaging [8—19]. As the illuminating source fluctuates,

so does the measured absorption. Thus, analysing the corre-
lation between the coupled fluctuations of the incoming spec-
trum and the total sample absorption enables a reconstruction
of the unknown absorption spectrum. Because ghost imaging
exploits the fluctuations in the incident source, it has found
many applications for XFELSs, where shot-to-shot fluctuations
are inevitable due to the stochastic nature of the SASE process.
Extending beyond the spectral domain, it has also been pro-
posed to use the ghost imaging technique in the time domain
to conduct x-ray pump/x-ray probe experiments within a single
SASE pulse [20].

Returning to spectral domain ghost imaging measurements,
we previously demonstrated sub-bandwidth x-ray transient
absorption spectroscopy using an attosecond XFEL pulse
by applying the ghost imaging technique in the spectral
domain [7]. In this example, the spectral reference measure-
ment is derived from a measurement of the photoelectron
kinetic energy spectrum far above an absorption edge, where
the cross-section is nearly flat. We use the total yield of
Auger—Meitner electrons as the bucket measurement. The
correlation between these two synchronous measurements is
then analysed to reconstruct the absorption spectrum. This
measurement scheme paves the way for attosecond tran-
sient absorption experiments at XFEL facilities. The current
work extends the one-dimensional technique to two dimen-
sions, allowing us to recover the photon energy-resolved elec-
tron kinetic energy spectrum. What distinguishes the two-
dimensional analysis from any previous implementation, is the
use of a photoelectron kinetic energy spectrum for each shot
as a two-dimensional bucket measurement, instead of simply
summing the total number of photoelectrons [7] or treating
each x-ray emission energy bin independently [6].

2. Experiment

To demonstrate our method, we perform a single-shot mea-
surement of the photoelectron kinetic energy spectrum from
isopropanol in coincidence with the single-shot incident x-ray
spectrum at the Atomic Molecular Optical (AMO) experimen-
tal hutch at the Linac Coherent Light Source (LCLS) XFEL.
The experimental layout is illustrated in figure 1. Soft x-ray
photons centered at ~502 eV are generated by the XFEL
and focused with a Kirkpatrick—Baez mirror pair into a dilute
gaseous isopropanol sample, introduced via a 50 pm diameter
gas needle. Photoelectrons are collected with a hemispherical
electron analyser (Scienta EW 4000). The microchannel plate
(MCP) detector of the electron analyser is coupled to a phos-
phor screen and imaged with a single-shot CCD camera. After
passing through the sample, the x-ray spectrum is analysed
with an inline grating-based x-ray spectrometer [21]. The spec-
trometer was provided by Uppsala University as an adapted
version of the spectrometer described in reference [22], fea-
turing a constant line spaced grating (1200 lines mm™!) in
the Rowland geometry, which images a mechanical slit onto
a MCP detector coupled to a phosphor screen. This phosphor
screen is also imaged with a single-shot CCD camera.

The single-shot images from the hemispherical analyser are
discriminated using a hit-finding algorithm and binned with
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Figure 1. Panel (a) gives a schematic representation of ghost imaging
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experiments in the spectral domain. A noisy light source is split into

two beams: reference (upper line) and signal, or bucket (lower line). The spectral content of the reference beam is analyzed and compared
with a measurement of the signal beam. The signal beam is not spectrally dispersed, rather only the total transmission through the sample is
recorded, hence the term, bucket. By comparing fluctuations in the transmission with changes in the incident spectrum, the absorption of the
sample can be inferred. Panel (b) shows the experimental layout used in this work. SASE pulses at a central photon energy of ~500 eV are
incident on gaseous isopropanol molecules introduced into the interaction chamber by an effusive gas needle. The photoelectrons are
collected with a hemispherical electron analyser (Scienta EW4000). The incident x-ray spectrum is measured after the sample by a constant
line spacing x-ray spectrometer. The low gas density and low interaction cross section for the isopropanol sample results in negligible
absorption of the transmitted x-rays, thus the x-ray spectrum at the photon spectrometer matches the incoming spectrum. The total
absorption can be determined from the total electron yield measured in the electron analyzer.

0.42 eV resolution. The average detection rate was ~36 elec-
trons/shot. Similarly the images from the x-ray spectrome-
ter are discriminated, summed across the spatial dimension
and binned with 0.44 eV resolution. Examples of the pro-
cessed single-shot photoelectron and x-ray photon spectra are
shown in the cascade plot in figure 2. The bin size for both
measurements is chosen to sufficiently resolve the features
in the two-dimensional absorption spectrum, while keeping
the computational time required for spectral reconstruction
reasonable.

3. Analysis

This work is an extension of our previous implementa-
tion of spectral ghost imaging for x-ray absorption spec-
troscopy (XAS) with an attosecond XFEL pulse. The stan-
dard technique for absorption measurements at x-ray facil-
ities such as electron storage-rings and XFELs is to scan

the incoming central photon energy across the region of
interest and record the absorption at each wavelength by
measuring the yield of photoproducts. The spectral resolu-
tion of these techniques is inherently limited by the band-
width of the incident pulse. The recent demonstration of
attosecond x-ray pulses at LCLS [1] opens the possibility for
X-ray pump/x-ray probe experiments at attosecond resolution
using XAS and/or XPS. However, the bandwidth required to
support pulses of attosecond duration (a 500 as FWHM light
pulse has a minimum bandwith of 3.5 eV FWHM) far exceeds
the required resolution for a typical x-ray absorption or emis-
sion experiment (<1 eV). This limitation can be surpassed
by measuring the incoming x-ray spectrum in coincidence
with the absorption (i.e. photoproduct yield) on a shot-to-shot
basis, and then analyzing the correlations between the two
measurements.

For low intensity x-ray pulses, the x-ray/matter interaction
can be described accurately in a first-order perturbative expan-
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Figure 2. Schematic illustration of the two-dimensional spectral ghost imaging model. The single-shot electron spectra make up the rows of
the two-dimensional bucket b. Each spectrum is the product of the incoming photon spectra (which make up the rows of the matrix A), and

the two-dimensional target response function x.

sion, where the absorption probability is given by the product
of the cross-section and photon flux integrated over the x-
ray pulse. In this case, the yield of photoelectrons in a given
kinetic energy bin is linearly proportional to the spectral inten-
sity of the incoming x-ray pulse. For the ith shot, the total
yield of the photoelectrons b; can be written as a sum of the
product between the ith spectrum A;(w) and the unknown
absorption spectrum, x(w), b; = fde,-(w)x(w) ~ X,AipXp,
where Y, indicates discrete sum over the pixels in the x-ray
spectrometer. When expanded to n shots, we can modify this
equation into a linear matrix multiplication:

b = Ax, @)

where A is an n X m matrix of the measured incident pho-
ton spectrum (m-pixels) for each of the n recorded shots, as
shown in figure 1. The vector b consists of the total integrated
yield of photoproducts at each of the n laser shots, and the
unknown vector x describes the spectral response of the sys-
tem. In the ghost imaging language used above, A is the refer-
ence measurement, and b is the bucket measurement. Solving
equation (2) for x will then yield the absorption spectrum of
the sample.

In this work we extend this technique to the case where b
is an n X p matrix, by replacing the single pixel with a mea-
surement consisting of p electron kinetic energy bins. By dis-
criminating the photoproducts according to electron kinetic
energy, we reconstruct the XPS spectrum of the sample. For the
case of a differential measurement of b, the matrix equation,
equation (2), is shown schematically in figure 2.

When cast as equation (2), the problem of achieving sub-
bandwidth resolution in the x-ray photoelectron spectrum by
deconvolving the measured electron energy spectrum with the
incident x-ray spectrum becomes a matrix inversion problem.
Ideally, we could write, x = A~'b, but in general, the matrix
A is uninvertible. Despite this shortcoming, it is still possible
to find a vector, x, such that x minimises the function

|Ax — b3, 3)

and thus provides the most probable value for x given the
experimental measurement. In the absence of noise, this solu-

tion can be rewritten as,
x=(AT-A)"'ATp, )

where (AT -A)7'AT is called the Moore—Penrose pseudo-
inverse. While A~ might not exist, (A7 - A) is a square matrix
that typically has an inverse. However, equation (2) is an ill-
conditioned problem, meaning that the solution x is acutely
sensitive to noise in the measurements A and b. The inevitable
presence of experimental noise causes equation (4) to break
down. This noise problem can be overcome through the pro-
cess of regularisation: in addition to minimising the cost func-
tion (equation (3)) we can add additional constraints on the
vector x in the minimisation process. For this work, we apply
the knowledge that an XPS spectrum (or x) is a sparse and pos-
itive definite matrix. In addition, we use the fact that for a phys-
ical system the second derivative of x along either the photon
energy or electron kinetic energy is small, i.e. x is smooth.

We thus extend equation (3) to include regularisation as
follows:

|Ax — b|2 + Af|lx|l; + Ind(x) + X ||Lx]2, (5

where the \’s are referred to as ‘hyperparameters’, whose val-
ues describe the relative importance of the different regularisa-
tion terms. The second term in equation (5) will minimise the
L; norm (or the sum of the absolute values of the vector entries)
to impose sparsity. In the third term, the Ind is the indica-
tor function, which is 0 when the argument is non-negative
and infinity otherwise. The final term in equation (5) will min-
imise the L, norm (or the sum of absolute value squared of the
vector entries) of the second derivative of x, which imposes
smoothness. The second derivative operator is represented by
the Laplacian matrix L.

There are a number of existing algorithms to find the vec-
tor x that minimises equation (5). In this work, we employ
an iterative algorithm, the ‘alternating direction method of
multipliers’ (ADMM [23]), which independently solves for
the individual terms in equation (5). In order to choose the
optimal hyperparameters (A, \;) in equation (5) we simu-
late photoelectron spectra using an artificial ‘ground truth’
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Figure 3. Two-dimensional reconstruction of the isopropanol spectral response, using the traditional method (left) and the spectral domain
ghost imaging analysis (right). The white lines show the locations of 6a, 7a, 8a triplet as measured by a monochromatized x-ray source in

reference [24].

spectrum consisting of three Gaussian peaks. To generate the
simulated photoelectron spectrum we multiply experimen-
tally measured x-ray spectra by this simulated ground truth
spectrum according to equation (2). The resulting photoelec-
tron spectrum is sampled according to a Poisson distribution
with the same average electron count rate as measured in the
experiment. The ADMM reconstruction is compared to the
simulated ground truth for a wide range of hyperparameters.
The hyperparameters giving the best agreement between the
simulated and reconstructed spectra are then used in the recon-
struction of the measured data. The success of the optimisa-
tion is weakly dependent on the hyperparameters, such that a
change of an order of magnitude in any parameter does not sig-
nificantly influence the results. We emphasise that our solution
to equation (5), applies regularisation to the two-dimensional
matrix, x, as a whole, instead of treating each column individ-
ually as was done in reference [6]. In doing so, we are able to
use all photoelectron and photon energy bins simultaneously to
fully exploit the measured correlations across different shots.

The data analysed in this work consist of 128,132 laser
shots, which were consecutively acquired in ~ 15 min. Using
the same hyperparameters determined in the numerical simu-
lations we run the ADMM algorithm on our dataset to produce
the photoelectron spectrum shown in figure 3. The dispersion
of the photoelectron kinetic energy can be used to refine the
photon energy calibration of the x-ray spectrometer. This is
done by aligning the extracted photoelectron peaks with pre-
vious measurements made with a monochromatized Al K«
source [24].

4. Discussion

We can compare our reconstruction results with a traditional
analysis scheme, which is obtained by sorting photoelectron
kinetic spectra based on the central x-ray energy, as mea-
sured with the x-ray spectrometer, and then averaging within
each photon energy bin. The resolution of this measurement
is limited by the inherent SASE bandwidth of the ionising x-
ray source, and the result is shown in the left hand panel of
figure 3. The spectral ghost imaging method (right hand panel
of figure 3) is able to achieve sub-bandwidth resolution, clearly

0.02 1

o
o
=

Yield (arb.)
o
&

o
o
o

0.01

O Il Il Il Il Il Il
5 10 15 20 25 30 35 40

BE (eV)

Figure 4. Retrieved electron binding energy for isopropanol. Top:
previous measurement from reference [24] taken with a narrow
bandwidth x-ray source. Bottom: traditional XFEL XPS
measurement (blue, see text) and spectral domain ghost imaging
(red). We have corrected the transmission in the two bottom curves.

resolving the triplet structure (475-485 eV electron kinetic
energy) associated with ionisation of the 6a, 7a, and 8a molec-
ular orbitals, which are mostly carbon 2s in character. In con-
trast, the traditional, SASE bandwidth-limited method recov-
ers only a broad, unresolved feature in this region. In plotting
our results in figure 3 we have corrected for the transmission
of the electron spectrometer by dividing the reconstructed x by
an approximate kinetic energy-dependent transmission curve
described in the appendix. We apply equation (1) to the solu-
tion x to plot the electron binding energy, summing across
the photon energy axis to produce a one-dimensional trace,
as shown in figure 4. We compare our result with the mea-
surement made by Nordfors er al using a monochromatised
Al Ko source [24] (top panel of figure 4). The energetic posi-
tions of the photoelectron peaks align well between the two
measurements.

The result of the sorting method (red curve in figure 4) is a
convolution between the true absorption spectrum and the x-
ray photon spectrum. When we apply the convolution theorem
to deconvolve the one-dimensional result of the sorting method
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Figure 6. Effect of reduced statistics on the spectral-domain ghost imaging technique. A randomly selected subset of the data (number of

shots denoted above each panel) is analysed according to equation (5).

it fails to capture the fine structures present in the absorption
spectrum. This is because the deconvolution problem is also
ill-conditioned and thus highly sensitive to noise. Our spectral
ghost imaging method is, in essence, a deconvolution method
particularly suited to XAS and XPS measurements by virtue
of solving the noise problem through regularisation.

5. Limitations of the correlation based approach

The quantity of merit for the successful application of spec-
tral ghost imaging is the amount of measurable variation in
the shot-to-shot photon spectra. This quantity depends on the

photon spectrometer resolution, the inherent fluctuations in
the source, and the number of shots used in the reconstruc-
tion. The variation is most easily quantified by the ‘correlation
length’, defined as the distance between pixels in the photon
spectrometer which have a Pearson’s correlation coefficient
smaller than 1/e [7]. As the correlation length decreases, fewer
shots are needed for a quality reconstruction. An unintuitive
corollary is that greater spectral resolution may be achieved
in the XPS measurement by reducing the spectral stability of
the ionising x-ray source. Doing so allows the ionising source
to more thoroughly sample the spectral response of a system
within a given number of shots. In our measurements we do
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not intentionally introduce variation and instead rely on the
natural fluctuations inherent to SASE operation. Initially the
correlation length in the x-ray spectral measurement is ~3.5
pixels, corresponding to ~1.6 eV. Next we study the indepen-
dent effects of photon spectrum resolution and number of shots
used on the resolution of the reconstructed measurement.

To study the effect of the spectrometer resolution, we con-
volve the measured photon spectra used to produce figure 3
with a Gaussian filter of increasing width (o) to simulate a
degraded spectrometer resolution. The effect of decreasing
spectral resolution is shown in figure 5, where increasing the
Gaussian kernel width above 2 eV leads to degradation in the
resolution of the reconstruction. This level of degradation cor-
responds to a correlation length of ~35 pixels, and the effect
worsens with increasing kernel width.

The effect of using fewer shots is also studied. The results
shown in figure 3 are obtained by using 128, 132 individ-
ual shots. We randomly select, without replacement, a subset
of the total number of measurements with size from 2000 to
64000 shots (figure 6). We note that the lower photon energy
range (<496 eV) starts to lose signal more quickly than the
higher photon energy range, because the photon spectra have
lower intensity in this region. When reducing the number of
shots, any signal embedded in the low energy range suffers
from insufficient measured variation as a result of the low
flux in this range. Initially increasing the number of shots
from 2000 to 4000 greatly improves the resolution in the
reconstruction. This trend continues until ~ 16000 shots, above
which level the resolution of the reconstruction is only slightly
improved. The number of shots required for the reconstruction
depends on the desired resolution and correlation length in the
measured x-ray spectra, and so this number of ~ 16000 shots
depends on the implementation.

It is worth noting, that there is another approach to
enable higher resolution XPS measurements of gas phase

molecules at FEL facilities, which involves employing an x-
ray monochromator to filter out a narrow bandwidth in wave-
length [25]. The addition of the monochromator does not
increase the spectral brightness of the source, but simply
blocks all x-ray photons outside of a pre-defined bandwidth.
The transmitted bandwidth needs to be much smaller than
the bandwidth of the incoming spectrum in order to improve
the spectral resolution. Therefore, in such a measurement,
many photons in the natural SASE bandwidth are discarded
(or wasted). In contrast, with spectral ghost imaging we are
able to make use of all incoming x-ray photons to interrogate
the spectral response of our sample. With more incoming pho-
tons per shot, this method is able to produce a measurement
at the same signal-to-noise ratio with fewer number of shots,
which is tightly linked to the so-called Felgett’s advantage
[19].

6. Application to time-domain measurements

For spectral ghost imaging to be applied to time-resolved
(pump/probe) XPS measurements, it is important to assess
how the method resolves small signals on top of a large back-
ground. In a typical pump/probe experiment, only a small frac-
tion (1%—10%) of the sample is excited by the pump pulse
(or ‘pumped’). The XPS measurement then consists of this
small, transient excited-state signal in addition to a large back-
ground due to ground-state or ‘unpumped’ molecules. It is the
transient signal which carries the useful information on the
time-dependent behaviour of the system. To study this situa-
tion, we conduct simulations where the simulated ground truth
consists of one intense peak with a secondary neighboring
peak of small relative intensity. As above, the photoelectron
spectrum (bucket) is simulated by taking the matrix multi-
plication between the ground-truth and the measured photon
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spectra. To include the effect of shot noise in the photoelec-
tron spectrum, we Poisson sample the calculated bucket with
the same number of average photoelectrons as in the measured
photoelectron spectra for the experiment described above. The
results of this investigation are shown in figure 7. We see that
with a similar amount of noise as present in the measured
photoelectron spectra and with the measured photon spectra,
spectral ghost imaging is able to reconstruct the lower signal
peak representing the excited-state signal. Resolving smaller
fractional signals would require lower experimental noise in
either the spectral measurement, the bucket measurement, or
both.

7. Conclusions

In conclusion, in this work we have extended spectral ghost
imaging at XFELs to a two-dimensional problem, where the
spectral response of the sample is channel-resolved. In our
particular implementation this allows for improved resolu-
tion in XPS measurements using an XFEL, where the inher-
ent bandwidth and shot-to-shot variation in x-ray spectrum
present challenges for high-resolution XPS measurements.
The improved XPS measurements pave the way for the use
of XPS as a time-resolved probe of localised electron den-
sity within a complex molecular system at XFEL facilities.
Such measurements are a promising avenue for the obser-
vation of ultrafast phenomena such as charge migration and
electron-nuclear coupling in molecules and condensed phase
systems.
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Appendix. Transmission of the electron
spectrometer

The transmission function of the electron spectrometer plays
an important role in determining the peak intensity in the

_

rb.)
© o o o
[o)] ~ (o] ©

Transmission (a
o o
S [6)]

o
w
:

021

0.1 s \ \ |
460 470 480 490 500

electron E (eV)

510 520

Figure A1. Transmission curve obtained from a separate spectral
measurement of normal Auger—Meitner emission in the isopropanol
molecule (see text for details).

reconstructed XPS spectrum. Unfortunately, we do not have
a direct measurement of the transmission of the Scienta hemi-
spherical electron analyser used in the measurement. Instead,
we approximate the transmission function from a measure-
ment of the normal (KVV) Auger—Meitner spectrum of iso-
propanol recorded with a photon energy of ~600 eV. We
convolve the Auger—Meitner electron kinetic energy spectrum
with a broad (10 eV) Gaussian to smooth away features in the
Auger—Meitner spectrum, while retaining the coarse structure
of the transmission curve. This reveals the characteristic tri-
angular shape expected for these type of electron analyzers,
as shown in figure Al. The Auger—Meitner spectrum is not
reliable below ~ 10%, so we set a threshold at 10% and apply
this transmission curve to the result of the spectral ghost imag-
ing analysis. This estimate of the transmission is not perfect,
but given the relative agreement between the peak intensities
in our measurement along with the previous measurements of
Nordfors et al, we believe it to be sufficient.
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