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ABSTRACT
Ultrafast, high-power lasers operating in the near-infrared (NIR) region are key to accelerating ions to extremely high energies. By changing 

the laser wavelength from the NIR region to the hard X-ray range, the photon energy increases more than 10 000 times. The interaction 

mechanisms and, consequently, radiation attenuation lengths differ significantly between these two spectral ranges. Here we report the use 

of an X-ray free-electron laser (European XFEL, Germany) delivering 9.3 keV photons in 25 fs pulses and a total energy of 0.35 mJ on a 

solid target. Electrons and ions escaping from an irradiated 3 μm Cu foil into vacuum were investigated by a time-of-flight technique using 

windowless electron multipliers that enable the measurement of very weak currents. A model based on a shifted Maxwell–Boltzmann velocity 

distribution of species was used to analyze the detector signals. The method used made it possible to determine the temperatures of hot 

electrons and protons, their center-of-mass energy, the charge states of the isotopes 

63 Cu and 

65 Cu, and the magnitude of the voltage arising 

in the double layer that accelerated them, and to estimate the repetition frequency of their cascade emission from the plasma. Computer 

simulations revealed the evolution of the electron density and temperature, the ion charge state distribution, and the time scales of processes

Matter Radiat. Extremes 11, 057601 (2026); doi: 10.1063/5.0314214 11, 057601-1
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occurring in the bulk of irradiated matter. Good correlation of theoretical and experimental results over the range of high-energy-density 

states demonstrates the capability to provide critical data to develop plasma models in the warm dense matter regime.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314214

I. INTRODUCTION
Ion emission from plasmas occurs in a wide range of systems 

generated by high-power laser interactions, making it possible to 

address various questions that arise in the fundamental physics of 

hot dense plasma and warm dense matter using ion diagnostics. 

1–3 

There is strong motivation for the study of ion emissions 

4–8 from 

dense plasmas, since these are of practical importance in the field of 

inertial confinement fusion (ICF) science and technology. Detailed 

knowledge of ion emission is needed for the reliable design of 

prospective inertial fusion energy (IFE) reactors, because their first 

walls are exposed not only to neutrons and photons, but also to 

charged particles released from burning nuclear fuel. The devel-
opment and design of laser ion sources for ion accelerators 

4–8 

represents another motivation. Ion emission from plasmas will also 

be of practical importance in laboratory or industrial applications 

of compact repetitive extreme ultraviolet (EUV)/X-ray free-electron 

lasers (FELs), although, in spite of definite progress in the develop-
ment of compact FEL devices, 

9–12 these are not yet widely available. 

Ions emitted from the XUV/X-ray laser-irradiated surfaces of solid 

samples can be also used for chemical analysis, assessment of radi-
ation resistance, and elemental composition imaging (see, e.g., Refs. 

13–16).
This work aims to identify the dynamic processes responsi-

ble for the characteristic properties of ion emission from a dense 

plasma created by heating a copper foil with ultrashort intense 

radiation from an X-ray FEL. Since the critical density values cal-
culated for X-ray irradiation exceed the density of electrons in 

solids, focused short-wavelength laser beams produce a solid-density 

plasma through volumetric heating of target material (see, e.g., Refs. 

17–19). Depending on the intensity and the attenuation length of 

short-wavelength radiation, this is either warm dense matter 

17,18 

or hot dense plasma. 

19 The boundary between these is not sharply 

determined; it is defined by convention and varies across different 

subfields of plasma physics and high-energy-density physics. Ion 

emission from plasmas produced by ultrafast X-ray laser beams has 

been studied in the soft X-ray spectral range only. The irradiation 

conditions achieved in the present study differ significantly from 

those in experiments performed at the FLASH and FLASH2 soft 

X-ray FELs, 

20–22 primarily because of the entirely different attenu-
ation length of X-ray laser radiation in the irradiated material and 

the ability of hard X-rays to ionize electrons from inner shells.

II. EXPERIMENTAL ARRANGEMENT
The experiment was performed using the High Energy Den-

sity (HED) Scientific Instrument at the European XFEL facility. 

23–25 

The XFEL beam generated in the SASE regime was focused by a 

stack of 20 beryllium lenses (with radius of curvature 50 μm) with 

a focal length of 30–40 cm in the range of XFEL photon energies 

from 8750 to 9900 eV with a 25 eV bandwidth. This experimental

study concerns ion emission from a 3 μm thin Cu foil exposed to the 

focused X-ray beam with an energy of 9.3 keV and an approximately 

Gaussian spot with a diameter of 0.4 μm. The damage pattern (beam 

imprint in a PbI 2 
layer on a CVD diamond substrate 

26 ) characteris-
tics were obtained by means of Nomarski (differential interference 

contrast, DIC) microscopy. The application of the beam imprinting 

technique has been described in detail elsewhere. 

27 The target con-
sisted of a single Cu foil fixed in a frame with a 6 × 30 mm 

2 window, 

allowing continuous exposure at a repetition rate of 10 Hz, where the 

speed of the target holder was adjusted to maintain a crater (imprint) 

spacing of 20 μm. The ions were produced by 25 fs X-ray pulses 

irradiating the target surface with an average pulse energy of 0.35 

mJ, corresponding to a fluence of ≈2.8 × 10 

5 J⋅cm 

−2 (Iλ 

2 ≈ 2 × 10 

17 

W⋅cm 

−2 ⋅μm 

2 ).
The energy of the pulse hitting the target was measured by a 

photodiode connected to a diamond diaphragm placed between the 

last element of the focusing optics and the target. 

25 This detector 

has been absolutely calibrated with X-ray photoionization gas mon-
itors. The last lens set had an effective aperture of 300 μm, which 

was overfilled using a beam size of ∼350–500 μm, ensuring that 

the full aperture was illuminated, and to mitigate fluctuations due 

to pointing instability. Each data run typically consisted of several 

thousand shots with nominally identical conditions. Owing to the 

high sensitivity of the energy distribution of the emitted ions to 

SASE-FEL pulse energy fluctuations, pulses were not averaged, but 

analyzed individually, shot-by-shot. The ion emission was measured 

without any change in focus position with respect to the target sur-
face to obtain a dataset characterizing shot-to-shot variation in ion 

emission, highlighting the details of the ion emission mechanism 

responding to fluctuations in laser–target interactions.
Owing to the low number of ions expected to be liberated from 

the target for the given interaction conditions, ion signals were reg-
istered by an open electron multiplier (EM) type 119EM, which is 

an ultrasensitive detector of charged particles. This windowless EM 

equipped with Be–Cu dynodes was manufactured by Thorn EMI 

Electron Tubes, UK. It has a Venetian blind structure, consisting of 

a ten-slat entrance dynode (2.16 cm-diameter aperture), followed by 

a system of 17 dynodes. The initial amplification of electron cur-
rent certified by the manufacturer was 6.26 × 10 

6 with an operating 

potential of −3 kV applied to the first dynode, while the input grid 

was grounded. The detector rise time was ≈1 ns. Calibration of elec-
tron multipliers is needed for ion detection because the ion-induced 

emission of electrons from the first dynode depends not only on the 

quality of a dynode’s surface, but also on the intercepted ion species 

and their energy. The calibration has shown a dependence of the 

EM gain mainly on the charge state of detected ions, with a weaker 

dependence on the impact velocity. Since we were unable to cali-
brate the gain of the open electron multiplier during this experiment, 

we used previous data 

28 for the range of low ion kinetic energies 

encountered in our experiment to determine the value of this gain
as 5 × 10 

5 .

Matter Radiat. Extremes 11, 057601 (2026); doi: 10.1063/5.0314214 11, 057601-2
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The EM detector was placed in front of the target, on whose 

front side the X-ray beam was incident along its normal. The dis-
tance of the EM from the interaction point was 920 mm, with 

horizontal and vertical angles of 8 

○ and 9.5 

○ , respectively, to the 

direction of laser beam propagation. Another EM was also used in 

the experiment to detect ions emitted from the back of the target, 

but its signal was mostly below the detection threshold.

III. THEORETICAL DESCRIPTION
A. Modelling of material properties of copper 

irradiated by XFEL pulses
For more than a decade, experiments and numerical simu-

lations of processes in hot dense matter produced by ultrashort 

XFEL pulses have been ongoing. This research covers various the-
matic areas such as spectroscopic characterization of fixed-density 

plasmas, various transport mechanisms, such an energy trans-
port, charged-particle, and radiation transport, evaluations of col-
lision rates in solid-density plasmas, and plasma screening. 

29–32 

To gain insight into the dynamics of XFEL-irradiated copper, we 

performed simulations with XMDYN. 

33,34 XMDYN describes the 

high-intensity X-ray-driven time evolution of matter. It is a hybrid 

approach combining Monte Carlo (MC) and molecular dynamics
(MD) techniques based on parameters calculated from first prin-
ciples. In XMDYN, bound electrons are assumed to belong to 

specific atomic orbitals, and so the instantaneous electronic struc-
ture may be described via the occupation number of the orbitals. 

During irradiation, various inner-shell processes (photoionization 

and Auger–Meitner and fluorescent decays) are considered via an 

MC algorithm, fed with atomic parameters provided by the ab initio 

tool XATOM. 

33,35–37 At an ionization event, beside the change of the 

relevant occupation numbers, a free electron leaves the parent ion, 

represented by a classical particle in the model. From the perspective 

of real-space dynamics, atoms and atomic ions are also handled as 

classical particles. MD is used to track the motion of these particles, 

considering the Coulomb forces among the charges.
Capturing the dynamics of a copper foil of macroscopic dimen-

sions is still not computationally feasible using the microscopic 

description provided by XMDYN, especially on macroscopic time 

scales. Therefore, we chose to simulate the early ionization char-
acteristics of Cu bulk-irradiated by an XFEL pulse with a photon 

energy of 9.3 keV and a Gaussian temporal intensity envelope (25 fs 

FWHM). The bulk is simulated using a periodic 4 × 4 × 4 FCC 

supercell with 256 copper atoms starting with zero velocities (0 K 

initial state). Three XMDYN trajectories per fluence already led to 

results with acceptable statistics. Each such trajectory corresponds 

to a specific realization of the time evolution of all particles and 

electronic configurations within the supercell. The data presented 

in the following are the average of the three XMDYN trajectories
computed.

The resulting time evolution of the relative abundance of Cu 

q+

ions with charge state, q, ranging from 1 to 22, is shown in Fig. 1(a).
Multiply charged Cu ions are produced in the early period of the
laser pulse interaction with the Cu foil. About 10 fs before the peak
of the XFEL pulse, they disappear owing to progressive ionization.
After the end of the laser interaction, highly charged Cu 

q+ ions
with q = 20 or 21 dominate. The number of ions carrying a charge
state higher than 22 is negligible. Their gradual recombination after

FIG. 1. Dynamical properties of bulk Cu irradiated by an intense XFEL pulse, as 

extracted from XMDYN simulations. The X-ray pulse parameters assumed are 

given in the text. (a) Time evolution of the relative abundance of Cu 

q+ ions, where 

q varies from 1 to 24. The 0 label indicates the relative abundance of neutral atoms.
(b) Time evolution of electron and ion kinetic temperatures (i.e., mean kinetic ener-
gies) T e 

and T i 

, respectively. (c) Electron density of Cu plasma. The laser intensity 

is in arbitrary units.

100 fs with respect to the peak of the pulse was not simulated. The 

simulation of the plasma evolution details the time dependences of 

the electron and ion kinetic temperatures (average kinetic energies) 

from the simulations are shown in Fig. 1(b) and that of the electron 

density is shown in Fig. 1(c). Note that the ions are still far from 

equilibrium on such a short time scale.
Our calculations revealed only a weak dependence of the ion-

ization processes on fluence, as shown in Fig. 2 for values of 198, 

398, 796, 1194, and 1591 kJ⋅cm 

−2 . While the fluence increased almost 

eight times, the number of primary photoionization events in the 

simulation time window increased only 2.4 times, since the inten-
sity conditions were sufficient for saturable absorption effects, 

35 

with the resulting Auger decay channel stagnating for fluences 

greater than 800 kJ⋅cm 

−2 . The total number of collisional ioniza-
tion events showed no relevant fluence dependence. We note that 

in the experiment, the target was irradiated with a spatially nonuni-
form fluence distribution, owing to the focusing properties of the 

beam. 

38,39 Therefore, the measured signal does not correspond to a

Matter Radiat. Extremes 11, 057601 (2026); doi: 10.1063/5.0314214 11, 057601-3
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FIG. 2. Fluence dependence of the dominant ionization processes initiated by a 

25 fs XFEL pulse with a photon energy of 9.3 keV: number of ionization events per 

atom within the simulation time window.

fixed fluence value, but contains contributions from volumes excited 

at different fluence values from zero up to the maximum in the 

center of the focus. We do not consider in our theoretical 

demonstration such volume integration effects.

B. Double-layer structure on the plasma surface
The interaction of the XFEL pulse with the Cu foil leads to the 

formation of a highly ionized plasma, as shown in the simulations 

presented above. Another process is the expansion of plasma from 

the focus of the laser beam on the front surface of the target into a 

vacuum. In this context, we must also consider the basic phenomena 

and physical processes associated with the expansion of plasma into 

a vacuum, which have been studied for a long time both theoretically 

and experimentally in experiments with infrared (IR) to ultraviolet 

(UV) lasers. The fundamental difference between plasma produced 

in a target and plasma expanding into a vacuum is that a bulk plasma 

can be considered to be homogeneous, while an expanding plasma 

is very inhomogeneous. It is known that during the expansion, a 

new process emerges that can accelerate ions to energies significantly 

higher than their thermal energy. 

40 As a plasma expands into a vac-
uum, it becomes rarefied. The fastest (hot) electrons from the energy 

tail of the energy distribution escape from the plasma surface, leav-
ing behind slower positively charged ions establishing a double layer 

(DL) of thickness of the Debye length with an internal electric field. 

40 

This electric field is a function of time, and the structure of the DL is 

changing in time and space. The static electric field E, related to the 

potential ϕ, satisfies Poisson’s equation based on the local difference 

in electron n e 
and ion n i 

densities:

∂E
∂z
= −∂

2ϕ
∂z2 = −4πe(ne − qni), (1)

where z is the target’s surface-normal coordinate, e is the electron
charge, and q is the average degree of ionization.

Many theoretical models of the DL at the periphery of var-
ious plasmas found in a variety of laboratory plasmas have been

published. 

40–42 However, in the case of a laser-produced plasma, 

two- and three-dimensional models should include more moving 

DLs resulting from charged particle drift and mismatches at the 

plasma boundary. Because a monotonic potential step or a series 

of steps and dips formed by DLs accelerates ions to high energies, 

even in the post-interaction phase, the models are complex and dif-
fer from each other depending on the type of plasma. Since, to our 

knowledge, the expanding plasma produced by hard X rays has not 

been investigated, a theoretical model is not available. However, 

information about the expansion of a laser-produced plasma is avail-
able from experiments with pulsed IR to UV lasers, which are used 

in this work to characterize ion emission induced by XFEL pulses. 

The presented analysis of ion emission from copper foil irradiated 

by XFEL pulses could provide information for a future model of 

expanding inhomogeneous plasmas.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Shot-to-shot fluctuations

The properties of the plasma produced by a laser pulse gener-
ally exhibit shot-to-shot fluctuations in the signals of the detectors 

used. These fluctuations are attributed both to the transient evolu-
tion of the plasma, which is inhomogeneous and anisotropic, and 

to the possible influence of the imperfect structure of the surface of 

the foil target (caused, for example, by cracks and ripples) on the 

plasma production. As a first step, it is desirable to consider the 

influence of shot-to-shot variations in the absolute photon flux on 

the outcome of the interaction process, as shown in Fig. 9 of Ref. 

23, where single-pulse spectra recorded by a HED-flex spectrometer 

at 6 keV show noteworthy shot-to-shot fluctuations. This is a con-
sequence of the fact that the interaction of the X-ray laser with the 

target triggers dynamic effects in the plasma, such as isochoric heat-
ing and ionization, generation of extreme fields and hydrodynamic 

oscillations, radiation sources, and warm/hot dense plasmas. After 

the interaction, shock wave generation, thermal diffusion, magnetic 

Z-pinch-induced and thermal pressure-induced compression, and 

other magnetohydrodynamic processes occur similar to those in 

conventional laser-produced plasmas. 

43 Thus, these processes make 

the system more sensitive to even small changes in the intensity of 

the focused laser pulse, leading to larger changes in ion and electron 

emission.
When detecting ion currents, a more pronounced fluctuation is 

observed between shots, both in the number of ions produced and, 

in their acceleration, as shown in Fig. 3. Figure 3(a) presents a set 

of selected detector signals that display fluctuations in ion emission 

introduced by nonlinearities that may be started by the 6.8% fluctua-
tions in the laser energy (0.350 ± 0.024 mJ). Here, the Cu ion energy 

corresponding to the maximum signal at t peak 

fluctuates between 

330 keV (shot No. 406, t peak 

= 0.92 μs, red line) and 27 keV (shot 

No. 409, t peak 

= 3.2 μs, black line). Figure 3(b) shows a sequence 

of 110 EM detector signals recorded during a run, highlighting the 

variation in ion emission between individual shots.
Throughout this paper, specific XFEL pulses are selected for 

which ion emission analysis is performed. Interaction fluctuations 

thus allow us to gain broader insight into possible ways of acceler-
ating charged particles. In general, there are several factors causing 

large interaction fluctuations, like those observed in experiments 

with conventional lasers. Although the shot-to-shot reproducibility

Matter Radiat. Extremes 11, 057601 (2026); doi: 10.1063/5.0314214 11, 057601-4
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FIG. 3. (a) Selected EM signals showing characteristic fluctuations from shot to shot performed under the same experimental conditions. (b) Shot-to-shot fluctuation displayed 

on the front picture of all TOF signals registered during the run. (c) TOF spectrum associated with shot No. 042. (d) Partitioning of the observed hot-electron and fast-ion 

peak (No. 491) into partial peaks by fitting the signal function S SMB 

(t) corresponding to the shifted Maxwell–Boltzmann distribution (see peaks P2 and P3) and the pulse peak 

function modified by the power term S PF 

(t) (see peaks P1 and P4). The inset shows details of two TOF spectra (No. 442 and No. 474) displaying the hot electron peak and 

two peaks induced by H 

+ ions with energies of 1.08 MeV and 750 keV accompanied by the respective C 

q+ ion groups. (e) Detail of TOF spectrum associated with shot No. 

042, providing direct experimental evidence of ion separation in laser-produced plasmas.

is not a primary target of basic research, commercial laser appli-
cations such as laser-induced breakdown spectroscopy (LIBS) are 

trying to address this problem. 

44,45 The shot-to-shot reproducibility 

of detected signals is affected by several factors, which have not yet 

been fully elucidated. These may include for example, the stability 

of the laser pulse and the structural heterogeneity of the sample. The 

extreme nature of the plasma is attributed to the variability of plasma 

formation and its expansion into vacuum in individual shots. Using 

experimental data that comprise an averaged set to shrink the influ-
ence of fluctuations observed at the individual shot level can be a 

source of misinterpretations.

B. Structure of time-of-flight spectra
The beginning of the time-of-flight (TOF) spectrum is related 

to the first peak (commonly called the photopeak), which is induced 

by XFEL photons scattered from the target foil. These photons are 

captured by the EM detector with a delay equal to the photon TOF 

from the target to the detector. Immediately after the photopeak, 

other peaks may follow, which are formed by fast (hot) electrons, fol-
lowed by fast ions of light elements (e.g., hydrogen and carbon) that 

are part of the impurities on the target surface. Figure 3(c) shows 

the structure of the EM detector signal, which is formed by a clus-
ter of peaks composed of a photopeak and a group of fast particles 

such as hot electrons and fast ions [together forming the “HEFI” 

peak, shown in detail in Fig. 3(d)], followed by a group of low-Z 

impurities, 

A Cu 

q+ jets [a detail of which is shown in Fig. 3(e)], and 

a continuous ion flow. The slower Cu ions arriving at the detec-
tor with a delay of several hundred nanoseconds first induce a 

line spectrum from ≈0.5 to ≈1.8 μs, and then a continuous profile

from ≈1.8 to ≈3.6 μs. The multiple time scales present in the TOF 

data are discussed sequentially in the following subsections. In our 

experiment, the contribution of the scattered laser photons is very 

weak, the beginning of the detector signal is dominated by the HEFI 

peak. An example of two HEFI peaks, No. 491 and No. 493, is shown 

in Fig. 3(d). The HEFI peak (No. 491) can be decomposed into sub-
peaks by fitting the signal function S SMB 

(t) corresponding to the 

shifted Maxwell-Boltzmann distribution (see peaks P2 and P3), and 

the pulse function of the peak modified by the power term S PF 
(t), 

revealing peaks P1 and P4. The inset of Fig. 3(d) shows the details of 

two TOF spectra (No. 442 and No. 474) displaying a high photo-
HEFI peak and two H 

+ ion peaks occurring at 0.064 and 0.075 

μs with corresponding accelerating voltages of 1.08 and 0.75 MV, 

respectively, and accompanied by the respective C 

q+ ion groups. 

Figure 3(d) shows a detail of the TOF spectrum associated with shot 

No. 042, providing direct experimental evidence of ion separation in 

laser-produced plasmas. The sharp peak of H 

+ ions arising at ≈0.51 

μs is well separated from the double peak formed by 

63 Cu and 

65 Cu 

isotopes with a charge state of 13. This pair of isotopes is followed by 

other ions having a lower charge state.
The internal structure of this HEFI peak was revealed using 

the S SMB 
(t) and S PF 

(t) functions fitted to the detector signal S EM 
(t). 

When the interaction of the laser with matter creates a statistical 

ensemble of electrons and ions in thermal equilibrium, they may 

exhibit a shifted Maxwell–Boltzmann velocity distribution, because 

in general the expansion may not be of thermal origin only, but may 

be affected by processes that impart velocity to the plasma plume 

in a particular direction. The velocity distribution system in the 

centroidal coordinate system then takes the form
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f (v) dv = ( m
2πkT

)
2/3

exp [− m
2kT
(v − ucm)2]dv, (2)

where m is the particle mass, k is the Boltzmann constant, T is the 

thermodynamic temperature, and u cm 
is the stream velocity (center-

of-mass velocity). This is introduced to account for the plasma 

motion in the z direction, namely, along the target normal. The 

origin of this velocity can be ascribed, in general, to the pressure 

gradient, various electrical driving forces and gradients of voltages, 

such as target normal sheath acceleration, skin-layer ponderomotive 

acceleration, and the DL effect. Charge separation in the nonequi-
librium plasma generates an electric field, which results in a gain in 

ion energy due to Coulomb acceleration. The corresponding contri-
bution to the total stream velocity, termed the Coulomb velocity by 

Torrisi et al., 

46 is related to the accelerating voltage U by

ucm =
√

2qeU/m . (3)

The detector response to the arrival of a statistical ensemble of 

particles exhibiting the shifted Maxwell–Boltzmann distribution in 

Eq. (2) can be expressed as

SSMB(t) = a0t−4 exp [− m
2kT
(L

t
− ucm)

2
], (4)

where a 0 
is the amplitude and L is the distance of the detector from 

the target. This function can be applied to the expansion of nonrela-
tivistic particles whose charge is frozen, i.e., without three-body and 

radiative recombination. The position t peak 

of the maximum signal 

S peak 

can be derived from Eq. (4) as follows:

tpeak =
L

vpeak
= L√

1/2m(
√

10kT + Ecm +
√

Ecm)
, (5)

where E cm = 

1
2 

mu 

2
cm is the center-of-mass kinetic energy.

Analysis of HEFI peaks showed that a reasonable fit of the sum 

of partial signal functions ∑ p 

S 

p (t) to the recorded signal cannot be 

achieved by fitting only a combination of signal functions given by
Eq. (4), i.e., ∑ p S 

p
SMB(t), but that it is necessary to combine the S SMB

signal functions with the pulse peak function modified by the power 

term provided by PeakFit software (Systat, v. 4.12):

SPF(t) = a0
exp (−t−a1

a2
)[1 − exp (−t−a1

a2
)]

a3

aa3
3 (a3 + 1)−a3−1 , (6)

where a 0 
is the amplitude, a 1 

is the pulse initiation (center), a 2 
is the 

width, and a 3 
is the shape. It should be noted that fitting Eq. (6) to 

the detector signal primarily reveals the amplitude of the current of 

detected particles. The method of uncovering hidden peaks forming 

the experimentally observed HEFI peak is based on fitting the sum
of functions ∑ p S 

p
SMB(t) +∑ n 

Sn
PF(t) to the detector signal S EM 

(t).

C. Electrons escaped from plasma
The electrons contribute to the HEFI peak within the spectrum. 

Figure 3(d) shows that a combination of both types of signal func-
tions S SMB 

and S PF 
allows the detection of dominant partial peaks 

P1 to P4. The other two peaks matching the tail of the HEFI peak 

are not labeled, because their origin cannot be reliably determined.

The total number of fitted parameters, including the baseline para-
meters, was 26. Peaks P2 and P3, which were revealed using the S SMB 

function from Eq. (4), provide information about both the current 

amplitude and T and u cm 
of the corresponding particles. The peaks 

P1 and P4 of the fitted S PF 
function indicate the amplitude and veloc-

ity of the corresponding groups of particles. The first peak, P1, has 

a maximum of about 10 ns relative to the incident scattered radi-
ation of the XFEL pulse, which corresponds to the peak energy of
≈11 keV (No. 491). Note that this energy is higher than the XFEL 

photon energy, appearing to arise from the tail of the electron energy 

distribution formed in the Cu plasma. The second and third electron 

bursts are represented by peaks P2 and P3, which were revealed by 

fitting the S SMB 
signal functions. The fitted E peak 

, T e 
, and E cm 

values 

of peaks P1, P2, and P3 are summarized in Table I for shots No. 491 

and No. 493. Experimental values of T e 
obtained from shots No. 491 

and No. 493 correspond to the value determined by the theoretical 

simulations presented in Sec. III, with measured values smaller than 

the value T e 
≈ 1 keV calculated for electrons produced inside the 

irradiated target, as shown in Fig. 1(b).
The presented analysis of the HEFI peaks in Fig. 3(d) and 

Table I reveals several phenomena. The first of these is the cascade 

emission of bursts of electrons arriving at the detector at different 

times. Since the runaway electrons must overcome the electric field 

created by the electric DL of the plasma, peaks P1, P2, and P3 indi-
cate that it is necessary to deal with the electric fields inside the 

plasma surfaces, which no longer exhibit static but rather dynamic 

properties.
The second and third electron bursts, represented by peaks 

P2 and P3, reveal that the respective electron groups have under-
gone energy redistribution expressed by different T e 

values. The 

nonzero center-of-mass energy of the electron groups P1 and P2, 

E cm 
≥ 3–8 keV, suggests the emergence of an electric field that accel-

erated the expansion of these electrons by giving them an additional 

velocity u cm 
[see Eq. (3)]. These electric fields could arise because 

of collective molecular dynamics. However, the PBC simulations 

used in Sec. III A cannot inherently describe the ejection of sur-
face particles. These electric fields are not static, but dynamic. The 

runaway electrons forming peaks P1, P2, and P3 should accelerate 

light impurity ions from the target surface, which impinge on the 

detector after ∼25 ns and later [see P4 in Fig. 3(d)]. Since it is diffi-
cult to identify the mass and charge state of these charged particles 

in this case, Table I does not list the parameters of peak P4 or of 

others that are not identified. In conclusion, the number of fitted 

partial peaks is therefore limited not only by the number of electron

TABLE I. Fitted values of E peak 

, T e 
, and E cm 

for the partial peaks P1, P2, and P3
formed by electrons displayed in Fig. 3(d). Peak P1 was revealed using the S PF 

func-
tion and peaks P2 and P3 using the S SMB 

function fitted to the HEFI peak of the EM 

detector signal for shots No. 491 and No. 493.

Shot No. 491 Shot No. 493

Peak P1 P2 P3 P1 P2 P3

E peak 

(keV) 11 6.4 4.1 14 8.5 5.8
T e 

(eV) ⋅ ⋅ ⋅ 230 360 ⋅ ⋅ ⋅ 70 210
E cm 

(keV) ⋅ ⋅ ⋅ 5.6 2.8 ⋅ ⋅ ⋅ 8.2 5
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bursts that occurred by the plasma expansion, but also, for exam-
ple, by the number of inflection points that are detectable on the 

HEFI peak envelope and used to fit SMB and PF amplitude models. 

Although the number of partial electron pulses can be greater than 

three, their total number is difficult to determine using this method. 

In the case of fast ions originating from light impurities, which co-
form the HEFI peak, the analysis is simpler, since they are mainly 

hydrogen and carbon ions, i.e., there is a maximum of seven possi-
ble partial peaks, as will be shown in Sec. IV D. The expansion of 

these ions is of course slower than that of electrons.

D. Fast H 

+ and C 

q+ ions in HEFI peak
As mentioned above, other peaks appearing at the time of 

arrival typical for the HEFI peak can also be formed by the detector’s 

response to the capture of fast ions originating from impurities 

absorbed on the target surface. Local maxima in an HEFI peak or 

local minima within smoothed second-derivative data are clear indi-
cations of these additional species. Shots No. 442 and No. 474 met 

this condition for revealing hidden peaks corresponding to the fast 

impurity ions within the HEFI peak. The inset of Fig. 3(d) shows 

details of these HEFI peaks, with two subpeaks at 0.064 and 0.075 μs, 

analysis of which reveals that they were induced by H 

+ ions moving 

with kinetic energies of 1.08 MeV and 750 keV, respectively. They 

are accompanied by groups of C 

q+ ions. Comparison of different 

TOF spectra allows us to distinguish individual groups of H 

+ and 

C 

q+ ions in the descending part of the photo-HEFI peak. Each of the 

two spectra was analyzed in a range from 0.05 to 0.18 μs by fitting a 

series of lines corresponding to TOFs of H 

+ and C 

q+ accelerated by 

the same voltage, where H 

+ ions are faster than C 

q+ ions by a factor
of 

√ 

12/q. The corresponding TOF of C 

q+ ion is therefore

TOFCq+ = TOFH+ ×
√

12/q. (7)

Another peak of very low amplitude can be identified at 

0.05 μs, which could be attributed to ≈1.8 MeV H 

+ ions. The sequen-
tial appearance of these peaks in the TOF spectrum suggests that 

the H 

+ and C 

q+ ions are accelerated by the same electric field as a 

compact ensemble of ions.

E. Bursts of ionized 

63 Cu and 

65 Cu isotopes
Although Figs. 3(a) and 3(b) attract particular attention because 

of the large fluctuations in the ion currents, they also reveal another 

important phenomenon, namely, the nonthermal evolution of the 

Cu plasma produced by the XFEL beam, as is further indicated by 

the narrow ion peaks shown in Fig. 3(e). These narrow peaks occur 

in the detector signal represented by Eq. (4) if kT ≪ E cm 
, and require 

a modification of the analysis used in the previous case of HEFI spec-
tra to focus instead on finding correlations between the positions of 

individual peaks on a time scale determined by their center-of-mass 

velocities, t peak 

= L/u cm 
, as follows from Eq. (5). Since fitting Eq. (4) 

to the narrow peaks confirms that kT ≪ E cm 
, we can assume that 

these ions were accelerated by the electric field.
A detailed analysis of the experimentally observed TOF peaks 

is based on determining the charge state q and the ion kinetic energy 

E q 
represented by the accelerating voltage U corresponding to t peak 

of a given peak, according to the relationship

Eq =
1
2

M( L
TOFq

)
2

= eUq, (8)

where M is the mass of the isotope.
All the H 

+ and Cu 

q+ ion peaks mentioned above are very nar-
row, despite having covered L = 92 cm. Since their FWHM correlates 

with the rise and fall times of the detector used, this implies that 

their velocity distribution is very narrow and their expansion into 

vacuum is determined primarily by the center-of-mass velocity. The 

number of H 

+ ions inducing this peak can be estimated considering 

the EM gain and amplitude, amounting to only a few thousand ions. 

With TOF H 

+ available, it is possible to determine the kinetic energy 

of these ions and thus the corresponding acceleration voltage as 

U ≈ 17 kV. Assuming this voltage also accelerated the Cu ions form-
ing the above-mentioned double peak, then we can calculate their 

charge state as q = 13. It is also noted that the H 

+ ions detected in 

shot No. 042 were practically eliminated from the surface layer of 

the target by ablating it in high vacuum, and therefore their occur-
rence in later shots is negligible. It is important to note that these 

ions were accelerated by a much lower voltage than ions of impuri-
ties expanding in the HEFI peak, which were accelerated by a voltage 

of up to 1 MV.
Suppose that isotopes 

63 Cu and 

65 Cu flying together as a pair 

have the same charge state q and are accelerated by a voltage. Then, 

the ratio of the flight times of 

63 Cu 

q+ and 

65 Cu 

q+ must be equal to 

the square root of the ratio of their atomic numbers, i.e., 

√ 

(63⁄65)
≈ 0.9845. In this way, the two isotope pairs 

63 Cu 

13+ / 

65 Cu 

13+ and 

63 Cu 

11+ / 

65 Cu 

11+ shown in Fig. 3(d) were identified. The ratio of 

their measured TOFs is ≈ 0.9866. The deviation of the measured 

value from the expected value is ≈ 0.2%. The charge states q m 

and q n 
of adjacent isotope pairs accelerated by the same voltage 

can also be determined by comparing their TOFs using the ratio
TOF q m 

/TOF q n 

= 

√ 

q m 
/q n 

.

F. Cascade bursts of Cu ions
In Sec. IV C, it was stated that electrons co-forming the HEFI 

peak can be divided into three groups that gradually escape from 

the laser-produced plasma. The peak structure of ionized copper iso-
topes is not found to correspond to the acceleration of all ions by a 

fixed voltage, but one that varies over the spatiotemporal scales of 

their release. It is evident that plasma bursts are related not only to 

the fastest ionized species, but also to slow species, which are accel-
erated by a voltage that has dropped from MV values to several kV, 

as shown in Fig. 4.
The analysis based on Eq. (8) allows a distinction to be 

made between two ion groups of isotopes 

63 Cu 

q+ and 

65 Cu 

q+ 

accelerated by different voltages, as shown in Fig. 4. The values 

of q and U, as given in Eq. (8), were determined by matching 

bi-Gaussian functions to the selected TOF spectrum, consider-
ing that TOF63 Cu 

/TOF65 Cu 

= 

√ 

63/65 holds for each charge state q
and TOF q+1 

/TOF q 
= 

√ 

qU q 
/[(q + 1)U q+1 

] for each isotope. Keep-
ing these relationships, the matching of bi-Gaussian functions and 

selected peaks gives three groups of Cu ions with charge state q from 

22 to 23, which have kinetic energies corresponding to an accelerat-
ing voltage of ≈9.2 kV, and four groups with q from 20 to 23, which 

have U ≈ 8.5 kV. Although these two groups of ions do not fully rep-
resent all the ions making up this spectrum, others can be identified 

using the same procedure.
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FIG. 4. Detail of the TOF spectra of ionized 

63 Cu and 

65 Cu isotopes produced by 

shot No. 470 and two sets of numerically simulated double peaks of 

63 Cu 

q+ and 

65 Cu 

q+ ions accelerated at voltages of 8.5 kV (cross-hatched areas) and 9.2 kV 

(filled areas), respectively.

The calculated values of the ion accelerating voltage provide 

information about the oscillation of a DL structure, which is man-
ifested by a change in the magnitude of U. Figure 4 shows that 

63 Cu 

23+ ions accelerated by 8.54 kV arrived at the detector ≈38 ns 

after 

63 Cu 

23+ ions accelerated by 9.18 kV. To remove the q and M 

dependences of the TOF of Cu ions [see Eq. (7)], the TOF of pro-
tons, which are accelerated by the same voltage as the Cu ions and 

move behind them, can be considered. From the obtained voltage 

values, the time delay Δt L 
between corresponding proton peaks at 

the ion detector can be calculated. This delay can be transformed to 

the proximity of the target using the velocity v = L/t as a similarity 

parameter:

Δt DL 
= Δt L 

(L DL 
/L), (9)

where Δt DL 
is the estimated delay in the emission of ions at L DL

= 1 μm, which is the distance corresponding to the estimated plasma 

dimension related to the diameter of the measured XFEL beam 

focus. The delay value Δt DL 
can be interpreted as the time of cre-

ation of the subsequent DL-generating voltage U(t + Δt DL 
), but less 

than the U(t) of the previous DL. The estimated value for the two 

ion groups shown in Fig. 4 is Δt DL 
≈ 40 fs. The experiment shows 

that each group of ions emitted at later times was accelerated by a 

smaller voltage.
The TOF analysis of the individual peaks in Fig. 4 confirms 

that there are a series of jumps and dips created by the DLs at 

the periphery of the expanding laser-produced plasma, as theoreti-
cally indicated by Eliezer and Hora. 

40 In our experiment, the time 

sequence of these DLs is in the frequency region of 10 THz, as 

revealed by the transition from the meter to the micrometer scale 

of the location of the ion current measurement. Although this is 

only an estimate, Δt DL 
is one of the key parameters of the dynamic 

electric fields associated with the DL in the process of particle accel-
eration to high energies. The repetition of ion jets, which has also 

been observed experimentally during the interaction of a nanosec-
ond laser pulse with a solid target, 

47 suggests the occurrence of 

hydrodynamic oscillations of the DL with a period of tens of fem-
toseconds or longer. 

40 We can expect that application of this method 

to the analysis of all distinguishable ion jets will allow us to obtain the

full spectrum of DL oscillations. It is evident that the electric fields 

and the corresponding potentials that occur inside the plasma sheath 

and accelerate the ions are not static but dynamic, 

40–42 although 

this approximation does not provide information about when these 

oscillations occur after the ultrafast laser pulse interaction with 

matter.

G. Collective behavior of ions
The expansion of ionized Cu isotopes into vacuum as tem-

porally isolated jets is observable up to ∼1.8 μs, after which the 

individual jets begin to overlap and the ion stream becomes con-
tinuous, as shown in Fig. 3(c). A standard feature of jet emission 

is that the amplitude of the ion current peaks increases until a first 

maximum, in the case of the burst shown in Fig. 3(c) at a time of
∼1.3 μs. Further maxima may then appear. However, a time-resolved 

ion current density j(t) measured at a certain distance L from the 

target can be transformed into a distance-resolved ion charge den-
sity ρ i 

(z) at a selected time τ. 

22 This transformation is derived from 

a similarity relation for the ion current density measured at differ-
ent distances from the target, namely, j(z, τ)z 

3 = j(L, t)L 

3 , where the 

velocity v = z/τ = L/t is the similarity parameter, which follows from 

the assumption of conservation of the charge carried by ions far from 

the target, whose charge density decreases as L 

−2 . Considering the 

relationship z = Lτ/t, which is applicable to v, the spatial distribution 

of the ion charge density, i.e., the distance-of-flight (DOF) spectrum, 

can then be revealed using the relationship 

22

ρ i 
(z, τ) = j(z)τL 

3 /z 

4 . (10)

An example of the transformation of the TOF spectrum of the ion 

current represented by the S EM 
detector signal into the DOF spec-

trum of the ion charge density is shown in Fig. 5. The detector signal 

is shown in the inset.
The calculated ρ i 

(z) shows that 1 μs after the laser interaction, 

the distance between the ion peaks varies in the range of millimeters 

to centimeters. Analysis reveals that the fastest ions occurring far-
thest from the target (>84 cm) had q > 20 and were accelerated by 

U > 10 kV. The corresponding part of the S EM 
signal is highlighted 

in green in the inset of Fig. 5. While the fastest ions are grouped at 

90 cm from the target into a bunch about 15 cm wide, the slower Cu 

ions occupying the space between 57 and 83 cm form a group whose 

mean charge density profile appears as ρ (z) = ρ 0 
e 

−z/ζ , as shown 

by the red line in Fig. 5. Expressing the charge density of ions as
the product of the ion density and the mean charge eq of ions, i.e.,
ρ i 
(z, t)/(eq) = n i 

(z, t), where q is the mean value of the charge, the 

density profile ρ 0 
e 

−z/ζ /(eq) of ions can be written in the form 

48

n i 
(z, t) = n 0 

e 

−1−z/(tc s 
) . (11)

Substituting t = τ gives

ni(z, τ) = n0

e
e−z/(τcs), (12)

where τ is the above-mentioned chosen time, c s 
= 

√ 

qγkT e 
/M i 

is the 

ion sound velocity (where γ is normally taken to be unity), and z/τ 

the velocity of ions located at a distance z from the target at time τ. 

The exponential decrease in the ion density profile, indicated by the
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FIG. 5. Distance-of-flight (DOF) spectrum of ion density obtained by transforma-
tion of the signal of the 119EM electron multiplier induced by ions produced by 

interaction of the European XFEL beam of 9.3 keV photons with a Cu foil target 

(shot No. 478) for a time of 1 μs elapsed since the laser–target interaction. The red 

line shows the fit of Eq. (12) to the DOF spectrum to estimate the value of the ion 

sound velocity c s 
. The inset shows the source TOF spectrum detected at 92 cm 

from the target. The fastest Cu 

q+ ions (q > 20) are accelerated by a voltage larger 

than 10 kV. The green and red arrows point to the corresponding parts of the DOF 

and TOF spectra.

red line in Fig. 5, can then be identified with the exponent in Eq. (12). 

The fitted value of ζ = τc s 
allows us to calculate the value of c s

= 7.5 × 10 

6 cm/s. Since the estimated mean charge state value of these
ions accelerated by a voltage of ≈7.8 kV is q = 18, the corresponding 

electron temperature kT e 
≈ 200 eV. This result is consistent with the 

result of the analysis of electrons in Sec. IV C. The corresponding 

part of the S EM 
signal is highlighted in red in the inset of Fig. 5. This 

reveals that these ions form the leading edge of the current of Cu 

ions (S EM 
signal). It is apparent that the group of ions forming the 

S EM 
leading edge contains subgroups of ions that have been charac-

terized in the earlier discussion and presented in Figs. 3(e), 4, and 5. 

Hot electrons with kT e 
≈ 200 keV, which escaped from the plasma 

first, control the density profile of the fastest Cu ions, although they 

were accelerated in a few DLs.
It can be surmised that owing to the distance from the tar-

get, the electron and ion currents were measured in regions where 

recombination processes in the expanding laser-produced plasma 

had slowed down rapidly, and the charge states of the ions had 

become “frozen.” The ion charge density profile calculated from the 

time-resolved currents of charged particles emitted by the target 

shows that only a part of the density profile exhibits an exponen-
tial decay with increasing distance. This decay, characterized by 

the exponential decay function e 

−v/c s , does not change with time τ, 

because the choice of τ does not affect the velocity v of the expanding 

ions.

V. CONCLUSIONS
The irradiation of solid foil targets by ultrashort, hard X-ray 

FEL radiation of 9.3 keV photon energy delivered to the High Energy 

Density (HED) Scientific Instrument at the European XFEL facility

resulted in the emission of highly charged Cu ions. Ions were pro-
duced with a fluence of ≈280 kJ/cm 

2 delivered onto a 3 μm Cu foil 

in pulses of 25 fs duration. Numerical simulations of the early stage 

of plasma formation in bulk copper using the XMDYN tool demon-
strated that under the irradiation conditions of the experiment, cop-
per ions with charge beyond 20 were formed. Furthermore, within 

100 fs after the pulse, the electron kinetic temperature approached 1 

keV.
As the number of charged species emitted into vacuum is small, 

an open electron multiplier with a gain of 5 × 10 

5 was used for their 

registration. Ion emission in the backward direction, i.e., from the 

front side of the foil, occurred, with negligible ion emission from the 

rear surface, mostly below the detection threshold. Owing to the low 

number of emitted electrons and ions, clusters of both electrons and 

separated jets of highly ionized Cu isotopes were observed, with large 

shot-to-shot variations. Using the shifted Maxwell–Boltzmann dis-
tribution function, the temperature of the electrons and the kinetic 

energy of their center of mass were determined for multiple jets, 

with a maximum measured electron temperature of 360 eV, which 

is lower than the calculated value for the plasma produced during 

the X-ray laser pulse interaction. However, the identified kinetic 

energy of the center of mass could also be affected by a Coulomb 

explosion.
The correlation between the kinetic energies of individual ion 

peaks revealed the accelerating voltage experienced by the ions, 

coming from a DL, allowing identification of both 

63 Cu and 

65 Cu 

isotopes, as well as their charge state. Analysis of multiple jets of 

ion species arriving at the detector showed that the voltage, reaching 

several keV, oscillated and gradually decreased during the plasma 

quenching process. This indicates complex motion in the DL sepa-
rating the plasma from the vacuum as the fastest electrons escaped 

from the plasma. Although the ion emission initially occurred in the 

form of jets separated in time, surprisingly, this plasma also exhib-
ited continuum properties that can be characterized by the ion sound 

velocity and the corresponding electron temperature, which in this
case was ≈200 eV, with a group of fast ions whose q value calcu-
lated for a time of 100 fs after the interaction correlates with the 

experimentally evaluated one.
The work presented here shows that ultrashort X-ray pulses 

delivered by an XFEL can yield rich experimental data that help 

unravel the expansion of plasma into vacuum. These observations 

provide information on the surface effects of dense plasmas, missing 

from the available collisional radiative codebase, but of importance 

for laser plasma experiments, which commonly make use of very 

thin foils of the order of the optical skin depth.
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