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A B S T R A C T

Time-resolved X-ray spectroscopies have the potential of unveiling ultrafast processes with chemical sensitivity, 
but their widespread application is still withheld by technical and experimental constraints on two levels: the 
count rate and the amount of signal to be measured. In this paper, we will give a brief overview of the available 
pulsed X-ray sources focusing in particular on those delivering photons with energies inside the water window 
(280–550 eV), thus allowing to access the C1s, N1s and O1s core levels which are relevant for the character
ization of thin organic films and small molecules adsorbed on surfaces. We will mainly discuss the photon fluxes 
delivered by such sources in relation to their repetition rates, and we will see how these factors affect time- 
resolved measurements. The main purpose of this work is to discuss the most crucial parameter to adjust in 
pump-probe spectroscopies: the excitation density, which corresponds to the fraction of photoexcited molecules/ 
atoms. We show that such quantity may be increased up to roughly 25% in gas phase and other robust samples, 
however, due to a lower damage threshold, in organic films it is typically constrained to be in the order of 1–5%. 
Despite the initially limited population of excited states in the latter case, we show that the evolution of the 
system may lead to a collective response of the material, which entirely modifies the measured core level line 
shape, thus providing a clear signal that may nonetheless offer valuable insights into the dynamics of the studied 
process.   

1. Introduction

In the fields of optoelectronics and photochemistry there is growing
interest in studying the response to optical excitations of organic mol
ecules, films and interfaces, as these systems are of fundamental rele
vance for the development of the next generation of environmentally 
sustainable optoelectronic devices and catalysts. The invention of the 
laser in 1960 and the steady developments in its technology through the 
years are closely correlated to the advances in time-resolved spectros
copies. The advent of Ti:sapphire lasers in the early nineties and their 
commercial availability, for instance, resulted in huge progress in the 
characterization of ultrafast (<100 fs) physical processes [1–3]. Simi
larly, the strive for the generation of soft X-ray pulses in the water 
window (280–550 eV) allowed to extend the pump-probe approach to 
X-ray absorption [4–9] and photoemission [10–16] spectroscopies at the 
C, N and O 1 s core levels, paving the way for studying sub-nanosecond 
dynamics in organic films and interfaces with chemical sensitivity. 
Nowadays, the different sources delivering soft X-ray pulses are 

high-harmonic generation and laser plasma setups, free electron lasers 
and synchrotrons [17]. In the following section, we will briefly review 
and analyze the typical working parameters of the above-mentioned 
sources when it comes to time-resolved spectroscopies using water 
window soft X-rays. 

We will then discuss and calculate the excitation density for pump- 
probe measurements. Such quantity can be written in terms of the per
centage of photoexcited molecules (or atoms) in the probed volume and 
is directly proportional to the applied pump fluence (i.e., the optical 
energy per unit area). Theoretically, high excitation densities translate 
to a good signal-to-noise ratio (SNR), but the appearance of nonlinear 
effects and sample damage above certain fluence thresholds may nega
tively affect the measurements. We will show that these factors impose 
upper limits to the excitation density, which in gas phase measurements 
may reach up to 25%, while they translate to a maximal fraction of 
excited molecules in the order of 1–5% in organic heterojunctions, 
which makes the detection of excited states via time-resolved X-ray 
spectroscopies more challenging. As we will see, the number of counts 
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required to discriminate the small fraction of excited states in the sample 
varies with the inverse square of the excitation density; therefore, it 
emerges that one of the most important developments in pulsed soft X- 
ray sources is the increase of the repetition rates, which will allow faster 
measurement and a less tedious data analysis because of the averaging of 
single shot fluctuations. 

2. Sources of pulsed soft X-ray radiation

The discovery of X-rays has had a huge impact on our fundamental
understanding of matter. It was soon noted that their short wavelength 
could be exploited for imaging the interior of a specimen, for examining 
the atomic structure through diffraction techniques and for character
izing the local chemical and structural environment of selected elements 
via a number of X-ray spectroscopies. Over the past few decades, the 
development of pulsed X-ray sources has opened the way for the 
exploration of the time domain using these techniques, allowing scien
tists to investigate in real time the physical and chemical processes with 
the elemental sensitivity offered by soft X-rays. Before proceeding with 
the overview on the pulsed X-ray sources, it is important to define the 
boundaries of the soft X-ray region to avoid any ambiguity. The term soft 
X-ray is commonly used to refer to the photon energy range between few 
hundreds of eVs to few keVs, but the line separating the soft X-rays from 
the extreme ultraviolet (EUV/XUV) is often blurry: it is usually placed at 
about 100 eV, in the book by D. Atwood it is placed at 250 eV [18], but 
several works in which few tens of eVs are identified as soft X-rays can 
also be found. In this paper, we will consider only a smaller portion of 
the soft X-ray region: the water window. This term refers to the portion 
of the electromagnetic spectrum in which water is transparent to X-rays, 
which extends approximately from 280 to 550 eV, comprising the C, N 
and O 1 s core levels, and it is therefore the photon energy range relevant 
for the study of organic molecules and interfaces for photochemistry and 
optoelectronics. For this reason, in the following overview we will solely 
discuss the sources providing X-ray pulses in the water window, and we 
refer the reader elsewhere for a more complete discussion on the topic 
[17]. 

Pulsed X-ray radiation can be produced at high-harmonic generation 
(HHG), plasma and accelerator based sources as free electron lasers 
(FELs) and synchrotrons. In HHG a laser beam is focused into a gas jet, 
leading to the generation of ultrashort pulses with photon energies that 
have been gradually increased to cover the water window [19–21]. In 
plasma X-ray sources, femtosecond X-ray pulses are obtained by 
focusing a high-power laser on a solid target [22]. Although some 
proof-of-concept studies of pulsed soft X-rays obtained with these 
sources have already been performed [23–35], they are still in and early 
development stage and will not be further discussed here. FEL radiation 
is produced by injecting a high-energy electron bunch into a series of 
undulators; the interaction of the electron bunch with the emitted ra
diation field results in the appearance of a micro-bunch structure, and to 
a following emission of a coherent and intense beam of X-ray photons 
[36,37]. At synchrotrons, multiple electron bunches are accumulated in 
the storage ring and radiation is generated at every revolution inside the 
insertion devices, which can be bending magnets, wigglers or undu
lators. Special filling patterns of the storage ring have been implemented 
to produce a single X-ray pulse separated from the conventional multi
bunch radiation, allowing to perform time-resolved X-ray spectroscopies 
at MHz repetition rates [11,38–40]. 

2.1. High-harmonic generation 

The recent advances in laser technology made the table-top gener
ation of X-ray pulses possible via high-harmonic generation. In HHG a 
femtosecond laser beam is focused into a high-pressure waveguide (or a 
jet [41,42]) filled with a noble gas; when the intensity of the driving 
laser is high enough, the emission from many atoms adds constructively 
and the IR photons are upconverted to EUV or soft X-ray 

sub-femtosecond pulses, which for increasing photon energy (i.e., 
increasing harmonic number) merge into a broadband supercontinuum 
spectrum. In such process, phase matching is required to coherently 
amplify the signal of the many body emission in the medium. It can be 
demonstrated that such favorable condition is only obtainable below a 
critical ionization level in the gas, indicating the presence of a phase 
matching cutoff ∝ λL

1.7 [43,44], where λL is the wavelength of the 
driving laser. The same λL

1.7 scaling persists when evaluating the highest 
energy harmonic achievable in the HHG process, which gives a limit of 
~150 eV when using λL = 0.8 µm from Ti:sapphire lasers as drivers. 
Higher photon energies can be achieved by driving the HHG with mid-IR 
pulses: with a driving wavelength of λL = 3.9 µm the successful gener
ation of soft X-rays up to 1600 eV has been demonstrated [45]. By using 
analogous approaches several setups covering the carbon (270–320 eV) 
and nitrogen (390–430 eV) K-edge absorption edges have been pre
sented [44,46–56]. 

As a rule of thumb, harmonic generation in the water window re
quires driving pulse energies of few mJ or few-cycle laser pulses, thus 
dictating stringent conditions on the operating parameters of HHG 
systems. In the first case if we consider a commonly available femto
second laser of about 20 W average power, it corresponds to 20 mJ at 1 
kHz at the source and 2 mJ in the gas cell; in order to have the same 
pulse energy at 1 MHz an impractical average power of 20 kW is needed. 
Soft X-ray HHG systems inherit the repetition rate from the driving la
sers, and can thus be commonly developed to operate at 1 kHz [46,47, 
51,55,57] or lower [48,57]. The supercontinuum emission spectra and 
the high number of photons per pulse (>106 in setups covering the 
carbon K-edge) are a valuable advantage in transient soft X-ray ab
sorption experiments, especially when measured in transmission 
through gas phase [9,46,58], liquid [47] or thin film [56,59] samples. 
Remarkably, repetition rates of 100 kHz have been reported very 
recently by M. Gebhardt et al. following a novel approach based on a 
thulium-doped fiber laser [60]. 

2.2. Free electron lasers 

In FELs, a bunch of relativistic electrons pass through a periodic 
array of magnets, the undulator, generating an electromagnetic wave, 
and the interaction of the electrons with the latter results in the ampli
fication of the radiation generated inside the undulator [37]. This pro
cess is called self-amplified spontaneous emission (SASE) and is the 
principle on which most FELs are based [61–64]. However, as it origi
nates from the incoherent and spontaneous radiation of the relativistic 
electron bunch, SASE is characterized by high shot-to-shot fluctuations, 
both in intensity and in spectral shape. To overcome this issue, one so
lution is to use the high harmonics of external seed laser to modulate the 
electron beam for creating a microbunched structure before the injec
tion into the final undulator. This is the high-gain harmonic generation 
(HGHG) approach, on which the FERMI FEL (Italy) is based [65]. The 
intensity of FEL radiation increases exponentially along the undulator, 
to eventually deliver short (10–100 fs) EUV or soft X-ray pulses with 
unmatched peak brilliance, in the order of 1011-1012 photons per pulse, 
which proved to be a huge benefit for diffraction experiments such as 
femtosecond protein crystallography [66,67]. The drawback of FELs 
high peak brilliance is that a single pulse may induce a Coulomb ex
plosion that instantly destroys the specimen, thus forcing the users 
either to measure in gas phase and liquid jets or to raster scan the surface 
of a finite sample during the acquisition. Moreover, a high number of 
ionizing photons is undesirable for photon-in/electron-out spectros
copies, such as X-ray photoemission, since it is likely to introduce space 
charge artifacts [64,68–70]. Therefore, with few limited exceptions, the 
FEL intensity is often reduced during the measurements to minimize 
sample damage and other unwanted effects. 

FELs currently operate at repetition rates ranging from few Hz to 120 
Hz. Few of them present a more complex temporal pattern obtained by 
modulating electron bunches in order to repeatedly produce a train with 
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a certain number of FEL pulses at a few Hz rate. As a consequence, the 
measurements times can be shorter and it is not necessary to perform 
elaborate shot-to-shot acquisition modes to normalize the beam fluctu
ations. At the FLASH FEL (Germany), for instance, it is possible to 
generate hundreds of pulses at a few Hz [64], resulting in a cumulative 
pulse rate approaching 8 kHz. With an analogous approach, the recently 
commissioned European XFEL (Germany) should be able to generate up 
to 2700 pulses at a repetition rate of 10 Hz [71], therefore pushing the 
cumulative rate up to ~30 kHz. Groundbreaking advances will be soon 
brought by the upgrade of LCLS (USA) to LCLS-II, which promises to 
deliver a continuous bunch repetition rate of 1 MHz [72]. 

2.3. Synchrotrons 

Synchrotron radiation is generated when relativistic electrons are 
accelerated through strong magnetic fields, that can be applied using 
insertion devices as bending magnets, wigglers or undulators. As 
opposed to FELs, in which the electron bunches are dumped after the 
undulator, at synchrotrons the electrons are accumulated in the storage 
ring, where their kinetic energy is kept constant, and pass through the 
insertion devices more than a million times per second, allowing mul
tiple users to work simultaneously. These facilities offer collimated, 
tunable X-ray beams with high spectral brilliance, in the order of 1013 

photons/s, therefore implying a massive reduction of acquisition times 
and a significant increase in signal-to-noise ratio if compared to other 
sources. Even though the average photon flux of synchrotrons is similar 
to that of the other pulsed X-ray sources, the electron filling pattern in 
the storage ring, which determines the temporal structure of the photon 
pulses, typically consists in hundreds of bunches separated by few 
nanoseconds (~500 MHz), thus bringing the peak flux to roughly 104 

photons per pulse, which is low enough to avoid unwanted non-linear 
effects. 

For instrumental requirements, the so-called multibunch electrons 
are always followed by an unfilled dark gap of at least 100 ns, in which 
an isolated bunch (camshaft) can be placed. With such hybrid filling 
pattern, it is possible to use gated detectors to discriminate the signal 
coming from the camshaft and to design time-resolved experiments. For 
this purpose, pulsed lasers synchronized to the storage ring are typically 
used to photoexcite the sample, and the relaxation dynamics of the 
studied systems are monitored as a function of the delay time between 
the optical pump and the isolated X-ray probe pulses [11,38–40]. With 
this approach it is possible to perform time-resolved measurements at 
repetition rates in the order of 1 MHz (the revolution frequency of 
storage rings) with the advantage of having highly stable and easily 
tunable X-ray pulses as a probe. A critical constraint, however, is rep
resented by the temporal resolution that is normally achievable at syn
chrotrons, which is limited by the electron bunch length to 50–100 ps, 
thus making it impossible to access chemical reactions, phase transi
tions, charge transfer processes and other phenomena that occur on 
sub-ps time scales. 

A few solutions have been proposed to modify the temporal structure 
of the electron bunches in storage rings in order to obtain shorter pulses, 
in particular by changing the momentum compaction factor (via low-α 
operation modes) [73], by laser-induced modulation of the electron 
bunches (“femtoslicing”) [74], or by deflecting the electron orbit with 
crab cavities [75,76]. The low-α mode can in principle be implemented 
at any synchrotron by properly tuning the existing electron optics, 
allowing to generate X-ray pulses as short as a few ps. Its operation, 
however, requires very low ring currents (roughly 20 times lower than 
in standard conditions), in contrast with the need for high photon fluxes 
of the majority of synchrotron users; at BESSY II (HZB, Germany), for 
this consideration, only 2 weeks of low-α operation are offered each 
year. Femtoslicing has been successfully demonstrated with the gener
ation of ~100 fs pulses at Advanced Light Source (ALS, Berkeley, USA) 
[77], BESSY II [78], Swiss Light Source (PSI, Switzerland) [79] and 
SOLEIL (France) [80], but with low (few kHz) repetition rate of these 

setups, inherited from the modulating lasers. The implementation of 
crab cavities has been planned for the Advanced Photon Source (APS, 
Argonne, USA) upgrade, where it is supposed to bring the pulse duration 
to less than 2 ps [76], and is also being discussed for the ELETTRA (Italy) 
synchrotron upgrade. Finally, an innovative scheme has been proposed 
at BESSY II, which is known as the VSR project [81]. It is based on the 
introduction of additional superconducting RF cavities, operating at 
higher harmonics of the nominal 500 MHz, which would introduce 
beating frequencies that result in a modulation of the temporal structure 
of the electron bunches. In particular, this will lead to the emission of 
alternate short (few ps) and long X-ray pulses without affecting the 
average brightness, and in combination with the low-α operation is ex
pected to deliver pulses of sub-ps length. 

Despite the expected advances in the generation of short pulses at 
synchrotrons, sub-ps dynamics will still be accessible only at FELs and 
HHG setups in the near future. Thanks to the ease of access to syn
chrotrons and their higher repetition rates, however, these sources 
represent a valid alternative for the characterization of physical pro
cesses in the pico- to nanosecond timescales. 

3. Experimental constraints in pump-probe water window soft 
X-ray spectroscopies 

The signal-to-noise ratio in pump-probe measurements is determined 
by both pump and probe parameters. Regarding the pump, the most 
important figure to consider is the applied fluence, i.e., the pulse energy 
per unit area, which determines the excitation density in the sample and 
thus the amount of signal that can be measured; this aspect will be 
addressed later in the section. The probe, on the other hand, determines 
the integration time required to obtain a clear identification of the 
measured excited state. 

3.1. Probe: the count rate 

On a first approximation, higher photon fluxes translate into faster 
acquisitions, with the caveat that the number of photons per pulse must 
be below a certain threshold. In our analysis we consider nonlinear 
processes as unwanted effects and therefore we will not address 
nonlinear spectroscopies. Given the combination of different X-ray 
spectroscopies, available water window soft X-ray sources described in 
previous paragraph and detection methods, it is not possible to derive a 
general rule and a few examples may be of use. First of all, we can divide 
the techniques into two categories: photon-in/photon-out and photon- 
in/electron-out. In the latter, since charged particles are detected, the 
measurement will be affected by the presence of electromagnetic fields 
between the sample and the analyzer, therefore imposing more stringent 
constraints on the number of photons per pulse in order to avoid space 
charge effects [64,68–70]. As an example, with 104 photons per pulse, a 
typical flux at synchrotrons, the Fermi edge of a metal shifts in the order 
of 10 meV [69], which is a tolerable artifact for most photoemission 
studies. We have shown in the previous section that both HHGs and FELs 
have higher peak brilliances, therefore the incoming probe beams of 
these sources must be filtered for performing photoemission spectros
copies. When employing modern electron spectrometers equipped with 
delay line detectors only one electron per pulse can be counted and 
therefore the possibility of increasing the repetition rate becomes crucial 
to increase the count rate [82,83]. On the other hand, when employing 
traditional hemispherical analyzers equipped with CCD (charge-coupled 
device) detectors 10–100 times more signal can be integrated, depend
ing on the number of pixels. In such case, if the space charge effects do 
not affect the spectra, measuring at high repetition rate with low flux is 
equivalent to measure at low repetition rate with high flux. Besides the 
appearance of space charge effects, it is important to underline that the 
X-ray probe photons can also cause radiation damage to organic sam
ples, which may occur with beam intensities even lower than those 
causing space charge, therefore it is crucial to optimize the detection of 
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the signal. The choice of spectrometer and detector for time-resolved 
measurements should therefore ensure the best measured counts to 
incoming probe flux ratio, in order to minimize sample damage. 

Photon-in/photon-out techniques, on the other hand, benefit from 
high peak brilliances. With a HHG source, for instance, it is possible to 
acquire an X-ray absorption spectrum by detecting the transmitted in
tensity of just 102-103 broadband pulses through a thin film sample. The 
threshold on the photons per pulse in photon-in/photon-out techniques 
is limited by sample damage, assuming that such threshold is lower than 
the photon density that introduces nonlinear effects, and therefore de
pends on the studied system: for some molecular films the low damage 
threshold may require a pulse energy even lower than the one typically 
found at synchrotrons, while higher pulse energies can be used for bulk 
metals or semiconductors. Even in the latter cases, however, FEL pulses 
at full power are known to permanently transform the structure of the 
material [84] and the beam intensity has to be significantly reduced to 
acquire a spectrum. 

In Fig. 1 we show the operating parameters of a number of state-of- 
the-art water window soft X-ray sources, to give a visual summary of the 
photon fluxes and repetition rates at these facilities. Here, we have 
drawn a gray solid line that corresponds to the space charge onset of 104 

photons per pulse, corresponding to a spectral shift of 10 meV 
mentioned above [69]. Space charge effects depend not only on the 
number of photons per pulse but also on the dimension of the X-ray spot 
and on the X-ray pulse lenght [68]. For the sake of simplicity in drawing 
the space charge onset in Fig. 1 we make the reasonable assumption of 
all the sources having similar spot sizes and we do not consider X-ray 
pulse lengths. However, X-ray durations longer than 100 ps obtained at 
some synchrotrons can cause spectral deformations even for a number of 
photons per pulse below the space charge onset. Such effects have 
recently been studied in ref. [85] but can be discarded for this general 
discussion. In a typical experiment the accepted photon flux needs to be 
appropriately chosen by considering that on one side photon fluxes 
above the space charge onset introduce effects in the line shape of 
photoemission spectra, while on the other side low photon fluxes at low 
repetition rates correspond to high integration times. HHGs (green 
squares) with photon energies in the water window are found in the 
bottom left corner of the graph, with the only exception of the novel 
setup by Gebhardt et al. [60] based on a thulium-doped fiber laser. Most 
of the setups reported in the literature have limited repetition rates and 
their broadband emission spectrum can be efficiently exploited for 
transient X-ray absorption measurements. FELs (red circles) intrinsically 

have outstanding peak brilliances which exceed not only the space 
charge onset, but also cause the Coulomb explosion of the samples. The 
beam intensity has to be usually reduced by several orders of magnitude 
to prevent instantaneous sample degradation, and in photoemission 
experiments such procedure always involves the space charge minimi
zation. Most synchrotrons (blue triangles) in their multibunch modes 
operate at about 500 MHz, and they offer average photon fluxes com
parable to those of FELs while lying closer to the space charge onset. For 
time-resolved measurements synchrotrons are either run in the hybrid 
mode, in which the repetition rate corresponds to the revolution fre
quency of the storage ring and is ~1 MHz, or a few selected bunches are 
sliced by a femtosecond laser; the latter method produces shorter pulses, 
but it is more complex to set up and operate and runs at a repetition rate 
that is lower by more than 2 orders of magnitude. 

Both when detecting electrons and photons, the challenge in pump- 
probe spectroscopies resides on the fact that the pump-induced signal is 
usually coming from a small fraction of excited molecules/atoms and it 
is much weaker than the signal emitted by the unpumped centers in the 
probed volume, which represents an unwanted background for time- 
resolved measurements. In the next paragraph we will see that in 
organic thin films the excited molecules are typically only 1–5%. The 
acquisition for each delay point should run until the time-dependent 
signal is sufficiently higher than the statistical noise in the spectrum. 
To provide a rough estimate we assume that the optical excitation in
troduces a new component near to a known resonance in the measured 
spectrum hence we take C as the number of counts in the spectrum, 

̅̅̅̅
C

√

as the statistical error associated to it and ρex as the excitation density, 
which we define as the fraction of excited centers at time zero in the 
probed volume. At zero delay, provided that the probed volume is 
smaller than the pumped volume and that the excited state lifetime is 
longer than the probe pulse width, the number of pump-induced counts 
will be Cρex; to easily discriminate such counts after the static back
ground subtraction, the latter value should be greater than 3

̅̅̅̅
C

√
. The 

inequality therefore becomes: 

C⪆
9

ρ2
ex

(1) 

The quadratic dependence on the excitation density underlines how 
crucial such parameter is for pump-probe measurements: as we will 
show in the next section, common values for ρex are in the 1–10% range, 
meaning that to acquire a single spectrum a minimum of roughly 103 to 

Fig. 1. Photon flux for a set of X-ray facilities. 
The average photon fluxes of few selected HHGs 
(green squares), FELs (red circles) and syn
chrotrons (blue triangles) are plotted as a 
function of the source repetition rate. The gray 
solid line represents the space charge onset for 
photoemission measurements of 104 photons 
per pulse. FELs and HHGs are consistently 
found above such line, while synchrotrons are 
typically below, especially at beamlines 
devoted to time-resolved measurements. Note 
that synchrotron fluxes are given per unit of the 
0.1% of the bandwidth and FEL fluxes are given 
considering the full bandwidth (few percent in 
SASE) as they are usually monochromatized for 
performing soft X-ray spectroscopies. HHGs in 
the water window operate with non- 
monochromatized broadband pulses, therefore 
the parameter given here is the total photon 
flux. Photon flux for a set of X-ray facilities.   
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105 counts are required. The population of excited atoms/molecules is 
also expected to decay with the increasing delay between pump and 
probe pulses, thus calling for longer integration times (in the order of 
several hours) to effectively track the excited state dynamics. Consid
ering the numerous possible combinations of specimens and experi
mental methods, it is not possible to derive a general formula for the 
required integration time for pump-probe measurement but the above 
equation can be used to roughly estimate the minimum number of 
counts that are necessary to detect the pump-induced signal, provided 
that the value of ρex is calculated. 

In this simplified formulation, we only considered local and instan
taneous excitations as the origin of the time-resolved signal. However, it 
may happen that the effective ρex may evolve to slightly higher values, 
for instance when the partial or total polarization of the system occurs 
[86]. In such cases the realignment of the energy levels of the sample 
result in spectral shifts or broadenings that become visible with rela
tively short integration times, as higher fractions of molecules/atoms 
contribute to the pump-induced signal. 

3.2. Pump: the excitation density 

To evaluate the excitation density of a thin film or a gas we first need 
to determine the number of absorbed photons, A, by means of the Beer- 
Lamber law: 

A = I − T = I(1 − e− αd) (2)  

where I and T are the incident and transmitted photons, assuming no 
reflection from the medium, α is the absorption coefficient and d is the 
optical path length inside the material. If A cannot be determined 
experimentally by measuring the optical absorption of the sample, it can 
be evaluated using the values from the literature for α and calculating I 
and d, which are based on the experimental configuration. The absorbed 
optical intensity can also be written in terms of the number of absorbed 
photons in the volume of interaction, V. From this definition we can 
compute the fraction of excited atoms, ρex, by comparing such value to 
the molecular/atomic density of the sample, ρs, which is equal to the 
molar density of the material times the Avogadro constant: 

ρex =
A

V∙ρs
= I

(1 − e− αd)

V∙ρs
(3) 

The excitation density therefore is the ratio between the number of 
absorbed photons and the number of atoms or molecules in the volume 
of interaction, if we neglect multi-photon absorption. It should be 
mentioned that such estimate is valid if the lifetime of the excited state is 
longer than the pump pulse width and shorter than the time interval 
between consecutive pulses, otherwise population decay and/or build- 
up have to be taken into account. In the previous section we have 
shown that ρex should be maximized in order to acquire high-quality 
pump-probe spectra with shorter integration times. With a selected 

Fig. 2. TR-XPS analysis showing evidence the photo-oxidation of CO on TiO2. A CO2 component appears in the O 1s photoemission spectrum (b) after the optical 
excitation. Copyright 2020 American Chemical Society. Reprinted with permission from Ref. [88]. 
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sample (ρs, α and d are fixed), the excitation density may be in principle 
arbitrarily increased by increasing the pump fluence, either by acting on 
the laser power or on the beam focusing. However, as in the case of the 
probe optimization that was previously discussed, using a pump fluence 
over certain thresholds may cause unwanted effects to arise, such as 
sample heating, radiation damage, space charge emission, exciton 
annihilation, multi-photon absorption, thus limiting the maximum flu
ence that can be used for meaningful time-resolved measurements. 

Gas phase samples and photon-in/photon-out detection represent 
the most favorable condition to avoid such issues while maximizing the 
excitation density. In particular, the detection of photons allows to 
neglect pump-induced space charge effects and the gas flow ensures that 
the sample is constantly regenerated, thus preventing the build-up of 
radiation damage features in the acquired spectra. In a recent example, 
Bhattacherjee et al. measured the transient X-ray absorption of acety
lacetone molecules in the gas phase using an HHG source, managing to 
obtain an excitation percentage of ~25% [9]. Similar values of excita
tion density (10–20%) can be achieved when measuring the transient 
X-ray absorption from thin films in transmission geometry [87], with 
heat-induced degradation and sample ablation that determine the pump 
fluence threshold. 

Photoemission measurements, and photon-in/electron-out spectros
copies in general, impose lower limits in the pump fluence and require 
more detailed analyses to successfully assign the observed effects to a 
specific physical process. As commented previously, the photoemitted 
electrons may be perturbed by transient electric fields that may arise 
near the sample, due to space charge photoemission or to charge transfer 
at interfaces, thus introducing spectral broadening and shifts in the 
measured spectra that may cover up the pump-induced signal. Time- 
resolved X-ray photoemission at the O 1 s core level has been recently 
used detect the photo-oxidation of CO on a TiO2 substrate in the 

picosecond scale [88], fully exploiting the chemical sensitivity of XPS. 
As shown in Fig. 2, the authors observed the increase of signal in the 

CO2 region, confirming that a significant amount (~20%) of CO mole
cules have been photo-oxidized. The chemical sensitivity of XPS allows 
to undeniably detect the conversion of a fraction of the carbon monoxide 
adsorbates to carbon anhydride, as the photoemission lines of these 
states lie roughly 1 eV apart. However, the vast majority of time- 
resolved XPS studies published in the last decade did not provide clear 
and unequivocal features related to the (small) local fraction of excited 
molecules/atoms; instead, the experimental results more frequently 
revealed spectral shifts or line shape modifications of the whole 
photoemission peaks, which were ascribed to phase transitions or to the 
collective response of the materials to optical excitations. In fact, the 
whole lineshape modification due to such effects is a more prominent 
feature than the few percent variation in a specific region of the 
photoemission spectrum, which may be related to changes in the local 
environment of the excited atoms; in this case, the signal may be either 
too weak to discriminate from the collective response of the system, or 
its lifetime may be shorter than the temporal resolution of the experi
ment. Such situation is schematically described in Fig. 3. 

In addressing such issues, a remarkable progress is expected with the 
constant development of the present X-ray sources towards higher 
repetition rates and shorter pulses. Nevertheless, notable results in time- 
resolved XPS have been achieved in the past decade, such as the 
observation of phase transitions in transition metal dichalcogenides [89, 
90], the characterization of charge transfer processes between inorganic 
[91], organic [10,12,13] and hybrid organic-inorganic [14,16] hetero
junctions that are relevant for photovoltaic applications. 

As an example, we have recently studied the charge transfer pro
cesses in organic heterojunctions of tetracene (Tc) and copper phtha
locyanine (CuPc) grown on a Ag(111) single crystal by means of pump- 

Fig. 3. Temporal evolution of a photoexcited system. (a) At negative delay times the system is unperturbed and the spectrum reflects the static picture of the sample. 
(b) The pump arrives on the sample at time zero; the absorbed photons excite a fraction of atoms/molecule, ρex, which may have a different spectroscopical 
fingerprint than the unpumped centers, although their signal intensity is weak and scales with ρex. (c) On a certain timescale after the optical excitation, the system 
may evolve into a state in which a collective response to the excitation or a phase transition has occurred on the sample, thus modifying the line shape of the entirety 
of the probed centers, but depicting a state that is different from the unpumped system. 
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probe X-ray photoemission [13]. We analyzed two different hetero
structures in which we inverted the deposition sequence of the organic 
films and chose two separate pump wavelengths in order to selectively 
pump one or the other chromophore. We found that the laser excitation 
induces in the C 1s peak significant energy shifts that persist for several 
microseconds, while allowing the system to recover to its initial state 
once the laser is switched off. A selection of the data is reported in Fig. 4. 
On top of each pumped spectrum we give the corresponding absorbed 
pump fluence, which has been calculated in the original paper [13]. If 
calculate the excitation density using these values, we find that only the 
0.1% to the 2% of the chromophores are excited, yet the photoemission 
spectra present significant (10–100 meV) shifts, which we ascribed to 
the accumulation of free charge carriers on the top material after the 
exciton separation at the heterojunction. An important remark here 
concerns the sample damage: we made sure that the shifts were 
reversible by measuring the spectra in a laser on / laser off sequence, and 
we observed that the damage threshold was lower in the Tc/CuPc/Ag 
(111) sample (upper spectra), therefore setting the maximum achievable 

ρex to 0.1%. Clearly, such value is too low to produce within a reasonable 
acquisition time a measurable signal that can be directly assigned to the 
fraction of the excided molecules. However, the separation of the exci
tons and the accumulation of the charge carriers drives the system into a 
collectively modified state, in which the measure of the photoelectron 
shift can provide insights about the exciton dynamics in the 
heterojunction. 

More generally, by examining the experimental details of the ma
jority of time-resolved measurements reported in the literature, we may 
notice that the pump fluence applied on the target is in the order of 
1 mJ/cm2 at best to prevent excessive radiation damage, especially on 
molecular samples. We can thus attempt to generalize the maximum ρex 
that is achievable, at least in the case of organic films and hetero
junctions. To use equation [3] we take α to be 0.5–1 × 105 cm-1, which is 
a reasonable assumption for common organic films [92]; the molecular 
density ρs can be easily derived from the molar density of the selected 
material, and is typically around 1–3 × 1021 molecules cm-3; finally, the 
film thickness d (or the extinction length) and the laser spot area are 
required to estimate the volume of interaction, V, and to convert the 
applied laser fluence to the actual number of photons impinging on the 
sample. We assume the film thickness to be in the order of 1–10 nm and 
the spot area to be 1 × 10-3 cm2, corresponding to a beam diameter of 
350 µm; with these parameters the 1 mJ/cm2 fluence translates to 
2–5 × 1012 photons per pulse (depending on the central wavelength). 
With these assumptions, we derive ρex ~ 0.1: the excitation density in 
time-resolved X-ray spectroscopies on organic films therefore presents a 
10% threshold, beyond which the sample is irreversibly damaged. To 
minimize radiation damage and other unwanted effects, fluences lower 
than 1 mJ/cm2 are typically applied and, since the excitation density 
scales linearly with the latter, the fractions of optically excited mole
cules are most likely in the order of 1–5%. As commented previously, the 
signal yielded by such a small population of excited molecules is hardly 
distinguishable beneath the background of the remaining 95–99% 
unpumped molecules and it would require unpractically long integra
tion times to measure it, however, the system may promptly evolve from 
the initial excited state and exhibit a collective response that results in 
significant and detectable changes in the spectral lineshape, which may 
reveal ultrafast phase transitions and charge transfer processes. 

4. Conclusions 

We have discussed the technical limitations of pump-probe water 
window soft X-ray spectroscopies, which are related in particular to the 
limited excitation density that is achievable without incurring in sample 
damage and other unwanted artifacts. In organic thin films and heter
ojunctions, which represent technologically relevant topics of research 
for the development of novel carbon-based optoelectronic devices, the 
threshold is in the order of 10%, and the typical experimental conditions 
in time-resolved measurement yield a percentage of excited molecules of 
only 1–5%. Higher excitation densities, corresponding to fractions of 
pumped centers in the order of 25%, may be obtained in gas phase 
measurements, as the sample is constantly regenerated and radiation 
damage can be neglected. In this case photon-in/photon-out measure
ments are preferred, since the higher pump fluences applied to the 
sample are known to introduce space charge effects that strongly perturb 
photoemission measurements. 

We have also estimated the number of counts that are required to 
discriminate the pump-induced signal from the unpumped background, 
and we showed that it varies with ρex

-2: considering the typically low 
values of ρex, to detect a 1–10% pump-induced signal below the static 
background roughly 103 to 105 counts in the bin are required and 
therefore high count rates are to be preferred. To date, only synchrotron 
facilities can offer MHz repetition rates within the water window 
(280–550 eV), at the expense of a limited X-ray pulse length, which is 
currently in the 10–100 ps range, therefore precluding the access to 
faster dynamics. Sub-picosecond water window X-ray pulses are 

Fig. 4. Pump-probe C 1s photoemission on organic heterojunctions. Optical 
excitation of either of the two chromophores in the heterojunction leads to long 
lived spectral shifts, which are associated to the accumulation of charge carriers 
on the top material. Copyright 2020 American Chemical Society. Adapted with 
permission from Ref. [13]. 
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available at FELs and HHGs which, on the other hand, offer lower 
repetition rates and/or higher shot-to-shot instabilities, which imply 
longer measurements and considerable efforts in data analysis. The 
constant development of pulsed X-ray sources, both towards shorter 
synchrotron pulses and to higher repetition rates in FELs and HHGs, will 
soon bring significant technological advances which will surely be 
beneficial for the study of ultrafast physical and chemical processes. 
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T. Katayama, O. Krupin, A. Nilsson, D. Nordlund, W.F. Schlotter, J.A. Sellberg, 
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