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Recent studies confirmed that the materials used in the extreme UV and soft X-ray regime for

precise characterization of intense free-electron laser pulses (e.g., Si3N4) do not work efficiently in

the hard X-ray regime, which is due to the fact that the impact of a hard X-ray photon is followed

by a series of electron cascading processes. Following theoretical indication, we show that this

limitation can be circumvented and the cascading time can be significantly reduced if the X-ray

photon energy is double the ionization energy. We investigate an alternative material for pulse

diagnostics, SnO2, using the Linac Coherent Light Source at photon energies of 5 keV and 9 keV.

We prove the validity of the concept and show that it has a large potential for practical applications.

By applying the proposed criteria, the temporal accuracy of the non-invasive pulse diagnostic tools

can be improved in current and emerging hard X-ray facilities. Published by AIP Publishing.
https://doi.org/10.1063/1.5046070

Free-electron lasers1–4 (FELs) deliver coherent, high

peak brightness hard X-ray pulses with few to tens of femto-

second duration. These hard X-ray sources enable high-

resolution structural imaging,5 direct real time tracking of

photo-induced dynamics in biological samples,6 and various

physical7 and chemical8 processes. The majority of these

experiments are based on pump-probe schemes, which allow

the investigation of transient states of matter with a few fem-

tosecond resolution. However, for the reconstruction of the

entire dynamics of the studied system, the complete charac-

terization of the pump and probe pulses with known delay is

required.9

It was already observed during the first solid-state experi-

ments with FELs that an intense FEL laser pulse excites

many electrons within the irradiated solid. This leads to a

transient change of the optical properties within the target

that follows the evolution of the free-electron density. This

behavior allows us to estimate precisely the delay between

the pump and the probe pulse.10 Therefore, during the

first11,12 and later experiments13–15 measuring the transient

optical properties of solids, the detected changes have been

used to design non-destructive time-delay diagnostic9 and

pulse characterization tools for FELs.16,17 For high resolution

measurements, materials with a fast and strong electronic

response to X-ray exposure are required.

As the interaction of the femtosecond hard X-ray pulse

with materials leads to a sequence of complex processes, the

interpretation of the measurement of the material’s response

requires a good understanding of the complex ionization

dynamics. As mentioned above, by studying the transient

change in the transmission of a sample, we can analyze the

electron kinetics. The duration of the electron cascading pro-

cess is dependent on the choice of the material and the X-ray

photon energy.18 The material response at extreme ultraviolet

(XUV) and soft X-ray wavelengths is nearly instantaneous.

However, in the hard X-ray regime, photoabsorption and

Auger decays release fast electrons from the core shells that

further ionize upper shells. As a result, the pulse characteriza-

tion technique mentioned above becomes challenging due to

the effect of the Auger cascades and the following free elec-

tron cascading.

In this paper, we study the ultrafast electron cascading

process upon hard X-ray irradiation of thin solid targets in a

single shot. We demonstrate with high resolution measure-

ments that materials with absorption characteristics tailored

for a particular X-ray photon energy range can be used to

increase the temporal resolution in X-ray arrival time and

pulse duration monitoring diagnostics. We compare thea)kmecseki@slac.stanford.edu
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measured responses for irradiation with 5 keV and 9 keV pho-

ton energies to the predicted response calculated from the the-

oretical model.18 According to Ref. 18, in some selected

materials, where an ionization potential equals approximately

half of the photon energy: Ip � �hx=2, electron cascading will

occur on a shorter timescale. In this case, the photon energy is

shared between two electrons, a photo-electron and an Auger

electron, each carrying about half of the photon energy.19 The

optimal target material for X-ray arrival time and pulse dura-

tion measurements for a particular photon energy (i) has short

electron cascading to achieve high temporal resolution, (ii)

has high transparency and high damage threshold to minimize

the impact on the transmitted X-ray pulses, (iii) while having

a strong X-ray-induced optical modulation in order to maxi-

mize the measured optical signal.

The experiment was carried out at the Linac Coherent

Light Source (LCLS) X-ray pump-probe (XPP) instrument.20

Considering reliable operation, 9 keV was chosen as the

highest photon energy for the measurements. Due to the rela-

tively high atomic number of tin (Z¼ 50), SnO2 is an opti-

mal diagnostic material at 9 keV photon energy due to the

fact that the L-shell ionization potential lies within the opti-

mal range of half of the photon energy, Ip � 3.9–4.4 keV.21

We show that this material exhibits inherently faster electron

cascading processes at 9 keV, in comparison to the currently

used hard X-ray diagnostic materials, such as silicon nitride

(Si3N4). Si3N4 is frequently used, because of its strong X-ray

induced optical modulation and its availability.

We use an in-house Monte Carlo toolkit, XCASCADE18

for modeling the electron kinetics and the electron cascading

processes occurring in solid targets. XCASCADE traces

each electron and hole as individual particles with event-by-

event simulation. It includes the photoabsorption by atoms,

and the Auger decays of the produced core-holes, which

result in the production of secondary energetic electrons and

further electron impact ionizations. These processes lead to

the distribution of the energy among an increasing number of

electrons, until they can no longer make impact ionizations,

at which point the cascading stops. The analog Monte Carlo

scheme is used for modeling the electron kinetics.22 The

atomic orbital energies are parametrized, using the atomic

energy levels from the EADL-database.23 Photoabsorption

cross sections for each atomic shell are taken from the

EPDL97 database.24 The results were averaged over 10 000

iterations to minimize statistical errors to �1%. XCASCADE

also predicted that less than �15%–20% of the absorbed

energy could escape from both the front and the back surfaces

of the irradiated films due to electron emission. Thus, this

effect was neglected in the simulations.

In order to compare the response of SnO2 to Si3N4, we

perform a simulation study using the typical X-ray pulse

parameters available at the LCLS XPP instrument. The typi-

cal Self-Amplified Spontaneous Emission (SASE) X-ray

pulses consist of a large number of coherent spikes of vary-

ing magnitudes from shot-to-shot. At present, the longitudi-

nal properties of the pulses are estimated by indirect

methods. In particular, at LCLS a transverse e-beam deflec-

tor (XTCAV) is used.25 In the simulations, the temporal

duration of the X-ray pulses was assumed to be 25 fs full-

width at half maximum (FWHM), which is close to values

determined by the XTCAV (see supplementary material,

Table S1). Additionally, the pulses were assumed to have a

Gaussian temporal distribution, as the temporal distribution

(envelope) of relatively long X-ray pulses with a large num-

ber of modes can be best fitted by a Gaussian shape.

However, the presented method is not limited to pulses with

a Gaussian temporal profile. The following X-ray fluences

were determined from the measured X-ray beam profiles and

pulse energies (from a gas detector monitor) and applied in

the simulations: 1.3, 0.4 J/cm2 at 5 keV and 1.5, 0.4 J/cm2 at

9 keV photon energies for Si3N4 and SnO2, respectively. The

evolution of the resulting X-ray induced electron density

change occurs on the timescale of 50–100 fs. Figure 1 shows

a comparison of the results (a) and (c) highlighting the deriv-

atives of the electron densities to better illustrate the duration

of the processes (b) and (d).

The model shows that both test materials have similar

responses at 5 keV, with a marginally faster response for

Si3N4 when compared to that of SnO2. At 9 keV, the increase

in the electron density for SnO2 is significantly faster.

Additionally, the maximum of the density reaches a value

more than one order of magnitude higher than in Si3N4, pro-

viding a better signal to noise ratio. Figures 1(e) and 1(f)

illustrates the calculated FWHM of the electron density

derivatives for both materials at different photon energies.

When the photon energy is in the optimal range for the mate-

rial, the timescale of the response reflects more accurately

the FEL pulse duration, as the electron cascading process is

faster and influences the response time less.

The measurements of the cascading processes were car-

ried out both at 5 keV and 9 keV X-ray photon energies. The

experimental setup is based on X-ray/optical cross-correla-

tion.11,16,17 The measurement of the transient change of the

complex refractive index within the irradiated material was

carried out via a transmission measurement in a thin target

material.

A schematic of the experimental setup is shown in Fig. 2.

The thin substrate is mounted on a motorized XY stage. The

unfocused X-ray beam is partially absorbed in a solid sample,

incident at an angle of 30� with respect to the target normal.

This choice of incidence angle yields an adequate time win-

dow with high resolution (206.9 fs time window with a 0.2011

fs/pixel resolution), while keeping the geometrical smearing

effects at a minimal level. Smearing of the signal occurs due to

the in depth absorption of the FEL beam in the sample and

quantifies at an angle of h as: nT=c sin h, where n is the refrac-

tive index of the material in the visible regime, T is the thick-

ness of the interaction length, and c is the speed of light in

vacuum. This manifests itself as a �2 fs broadening of the sig-

nal when using a sample with a thickness of �0.5lm. The

thicknesses of the SnO2 and Si3N4 samples are chosen to be

487.3 6 27 nm and 563.5 6 2.5 nm, respectively, to minimize

smearing effects. The sample thicknesses are measured with

ellipsometry (HORIBA UVISEL FUV-VIS-IR 210–880 nm

ellipsometer). The temporal evolution of the ionization process

and the subsequent electron cascading processes are monitored

with a probe laser with a wavefront parallel to the target. The

probe pulses are prepared in a Mach-Zehnder-interferometer,

where one interferometer arm is delayed by 1 ps, and the polar-

ization is rotated orthogonally with respect to the polarization
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of the pulses in the other arm. The first laser pulse temporally

overlaps with the X-ray pulse, in order to probe the progressing

ionization process. The second pulse probes the sample after

the X-ray pulse has passed through the material. The recorded

image can be used as a calibration/reference image to elimi-

nate any measurement error due to structural inhomogeneity of

the FEL pulse or the target material. The X-ray pulse repetition

rate in the measurements is set to 60 Hz, while the repetition of

the optical laser is 120 Hz. This allows the recording of a con-

secutive, “laser only” background shot for each measurement,

improving the quality of the measurement. The transmission is

measured by imaging the illuminated target surface with a

Mitutoyo � 20 microscope objective onto two CCD cameras

(Opal-1000, 10-bit) separated by a broadband cube polarizer

(data/calibration). The collimated optical probe laser pulse has

a parallel wavefront to the target surface.

The optical probe laser pulse was spectrally broadened in

a gas-filled capillary and subsequently compressed with a

chirped mirror setup.26 The pulse duration was measured with

a single-shot frequency-resolved optical gating (FROG) to be

9.1 6 0.14 fs measured at FWHM (see Fig. 2). The optical

pulse was centered at 800 nm and had a pulse energy of �20

lJ on the target. We used a collimated FEL beam with a spot

size on a target of �700� 200 lm2, with a larger beam

dimension along the time projection axis. The measured

cross-correlation data can be used as an arrival-time monitor-

ing tool of the X-ray and optical pulse. In order to measure

the accuracy of our technique, during the measurements, the

relative time of arrival between the FEL pulse and the optical

probe pulse, and the FEL pulse duration was monitored using

the XPP time tool27,28 and the XTCAV,25 respectively.

The measured temporal evolution of the transmission,

triggered by the X-ray induced electron kinetics, reflects the

electron cascading processes. The background corrected

images (see “Transmission” recording in Fig. 2) are summed

up along the spatial axis. The derivative of the measured

transmission signal for SnO2 at 5 keV is shown in Fig. 3(a).

The laser pulse duration has been deconvolved in the time

domain from each measurement, in order to obtain the intrin-

sic material response to the FEL pulse, and then the resulting

profiles are normalized. The measurements are sorted by the

FEL pulse arrival time calculated from our measured data.

The measured arrival times are also correlated with the stan-

dard XPP time arrival monitor [Fig. 3(b)]. Figure 3(c) shows a

histogram of the measurement with an accuracy of r ¼ 5.2 fs.

The XPP time tool has an accuracy of r �5–6 fs r.m.s.9 The

FIG. 1. Calculated evolution of the

electron density (a) and (c), and time

derivative of the electron density (b)

and (d) for Si3N4 and SnO2 materials,

when irradiated with a 25 fs laser pulse

at 5 keV (a) and (b) and 9 keV (c) and

(d). The electron density function for

Si3N4 was multiplied by 11.5 on both

(a) and (c) for easier comparison. The

FWHM of the time derivative of the

electron density is plotted to show the

optimal range of photon energies

where the electron cascading effects

happen on a shorter timescale for (e)

Si3N4 (f) and SnO2, at different photon

energies and FEL pulse durations.
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measured standard deviation of the timing jitter between the

X-ray and the laser pulses during the experiment was on the

order of �100–200 fs.

After calculating the derivative of the transmission, we

performed the direct time domain deconvolution of the laser

pulse duration to obtain the intrinsic material response to the

FEL pulse. Figure 4 shows the response times (derivatives of

the transmission) for both SnO2 and Si3N4 at 5 keV (a) and

9 keV (b). The measurements are in very good agreement

with the modeled transmission curves, also shown in Fig. 4.

These curves were fitted with a model combining rate equa-

tions with the Drude model (for more details see supplemen-

tary material). This approach yields the transient values of

the complex refractive index, which are then used to calcu-

late the optical probe pulse transmission. The curves for

Si3N4 and SnO2 have similar characteristics at lower photon

energy (5 keV), while SnO2 exhibits a faster electron cas-

cading time at higher photon energy (9 keV). This is

expected due to the ionization potential of SnO2 at 9 keV

being approximately half of the photon energy. In contrast,

the duration of the electron cascading in Si3N4 increases

substantially (see Fig. 4), as it was predicted by the simula-

tions.18 SnO2, the material under consideration has a simi-

lar response to hard X-ray irradiation over a broad photon

energy range. XCASCADE simulations show similar

behavior at 5, 7 (not shown), and 9 keV [Fig. 1(f)]. The

measurements with SnO2 are performed with an FEL pulse

duration of 24.45 6 5.75 fs and 23.21 6 4 fs at 5 and 9 keV,

respectively. The measured and calculated FWHM of the

transmission derivatives are 30.47 6 3.18 fs and 32.67 fs at

5 keV. The measurement and calculated values at 9 keV are

30.50 6 2.63 fs and 31.07 fs.

At present, a large number of scientific studies with

free-electron lasers are performed using ultrafast optical/

X-ray pump-probe techniques. These techniques require pre-

cise temporal X-ray diagnostics. Here, we presented the first

high resolution single-shot measurements of the X-ray induced

electron cascading effects in selected materials used for X-ray

arrival time and pulse duration diagnostics. We intended to

identify optimal diagnostic materials at high photon energies

(e.g., >5 keV) with short electron cascading times and high

free-electron density produced. The measurement was inspired

by the theoretical indication that within some selected materi-

als for which the ionization energy of an atomic shell level is

about half of the X-ray photon energy, the electron cascading

FIG. 2. (a) Schematic of the experimental setup for single-shot measurement

of the electron cascading processes. The FEL pulse arriving at an angle of

30� with respect to the target normal causes a fast ionization process, which

is probed by an ultrashort (<10 fs) long laser pulse at 800 nm wavelength at

normal incidence. Different fractions of the X-ray wavefront are absorbed at

different spatial positions on the sample, resulting in a spatio-temporal

encoding of the ionization process. The first optical pulse probes the ioniza-

tion process and then the outcome is recorded in the transmission measure-

ment image. The surface of the thin target is imaged onto two CCD cameras

separated by a broadband polarizer cube. (b) Reconstructed temporal inten-

sity and phase profile of the probe pulse from a single shot FROG trace,

FWHM ¼ 9.1 6 0.14 fs.

FIG. 3. (a) Derivative of the transmission of SnO2 at 5 keV. The data has

been sorted by the FEL arrival time using our measurement technique: (b)

correlation between standard XPP TimeTool diagnostics and our measured

arrival time (red measurement points). The blue solid line (x¼ y) is a guide

for the eye. (c) Histogram of the arrival time measurement differences

shown for accuracy comparison.

FIG. 4. (a) Measured (solid lines) and calculated (dashed lines) transmission

(right axis) and the derivative of the measured transmission (left axis) of

SnO2 (a) and (b) black, Si3N4 (a) and (b) red at photon energies (a) 5 keV

and (b) 9 keV.
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can be significantly faster and thus, it does not perturb the mea-

surement of the temporal pulse characteristics. Additionally,

we present our measurement of the duration of the electron

cascading in a currently widely used material, Si3N4 at both 5

keV and 9 keV photon energies. The results of Si3N4 are com-

pared to a proposed material with optimal ionization potential

at 9 keV, SnO2. In this material, binding energies of the pri-

mary electrons initiating electron cascades approach half of the

9 keV photon energy, which significantly reduces the cascad-

ing time compared to Si3N4. Additionally, the observed trans-

mission change in SnO2 is larger due to higher free-electron

densities induced, even at lower X-ray pump energies, making

this material potentially interesting for X-ray beam monitoring.

The excellent agreement between measurements and theoreti-

cal simulation deepens our understanding of material response

in the hard X-ray regime. The simple experimental methodol-

ogy presented lays the foundation for single-shot pulse dura-

tion measurements in this spectral range.

See supplementary material for the theoretical frame-

work used to describe the evolution of the electron distribu-

tion and the optical transmission as a function of time.
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