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Abstract

We calculated the evolution of the electron system in solid-density matter irradiated by high-

intensity x-ray pulses between 2 and 8 keV using molecular dynamics. For pulses shorter than 40

fs, the kinetic energy distribution of the electrons is highly nonthermal during and right after the

pulse, and a large fraction of the absorbed x-ray energy resides with the fast photoelectrons which

equilibrate on the timescale of the pulse length. The average ionization and electron temperature

of the bulk of the electrons are significantly lower than their equilibrium values.
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High intensity and short duration x-ray pulses emitted by x-ray free-electron lasers

(XFELs) offer unprecedented opportunities for studying fundamental dense plasma physics

phenomena. XFEL pulse lengths of tens of fs or shorter are so brief that hydrodynamic

expansion and associated inhomogeneities during the exposure can usually be neglected. In

contrast to optical laser experiments, x rays penetrate solid-density materials, and the total

amount of absorbed energy is known since the predominant inner-shell x-ray absorption

process depends only weakly on the plasma environment. Recent applications include the

characterization of atomic states in dense plasmas through fluorescence [1], measurements

of electron-ion equilibration time scales [2, 3], and studies of nanoplasma dynamics [4–6].

The first hard XFEL, the Linac Coherent Light Source (LCLS), was designed to emit 230

fs-long x-ray pulses [7], but actually, pulse durations ranging from only 10 fs to typically

40 fs [7] have been achieved. For such short times, the excited electron system is far from

equilibrium during and right after the pulse. Instead of a Maxwellian distribution, the

system consists of fast photo and Auger electrons in a sea of slow secondary electrons,

which interact through free-free and bound-free scattering [2, 8, 9]. These nonequilibrium

electron distributions cannot be adequately described by a single temperature, which has

important implications for the behavior and description of XFEL-generated plasmas. For

example, since the impact ionization cross section is roughly proportional to log(E/χ)/E,

where χ is the weighted-mean ionization potential [10], the fast electrons interact with the

samples less effectively than slow electrons. Therefore, using a ”temperature” related in

some way to the average electron kinetic energy provides only an imprecise description of

the ionization dynamics. More generally, many descriptions of important plasma physics

phenomena such as continuum lowering and electron-ion equilibration rely on the electrons

being in thermodynamic equilibrium among themselves [11, 12], which is usually not the

case in XFEL-irradiated materials.

In this paper we characterize the electron equilibration dynamics in low-Z materials

exposed to high-intensity x-ray radiation assuming realistic XFEL parameters. We use

molecular-dynamics simulations to quantify the deviation from the equilibrium distribution

and its effect on the average ionization, to characterize the temperature of the slow electrons

and the average kinetic energy of the fast electrons, and to determine the equilibration time

scales. After describing our simulation technique, we will first discuss the electron-electron

equilibration dynamics during the x-ray pulse and then the processes after the pulse has
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concluded. Finally, we will conclude this paper.

Using the nonequilibrium classical molecular-dynamics plasma simulation code ddcMD

[13], we simulated the evolution of solid, initially neutral carbon with a density of 1 g/cm3

exposed to 2 mJ x-ray radiation with an x-ray energy E ranging from 2 to 8 keV, a dura-

tion T between 10 and 40 fs, and a full-width-half-maximum focal size of 100 nm to 1 µm.

These conditions mimic the performance of current XFELs [7] and are typical for various

applications, including the XFEL flagship experiment of biological imaging and structure

determination [e.g. 14]. We assumed that the x-ray flux is constant in time for the duration

of the pulse. We verified in a select number of cases that a possible time structure of the

pulse as often observed in XFEL radiation [7] does not affect the results significantly. We

also assumed that the x-ray pulse is uniform in space since space-charge effects confine the

fast electrons to a small volume during the pulse [15]. ddcMD utilizes a velocity Verlet inte-

gration with a particle centric domain decomposition method. Long-range Coulomb forces

were calculated by the particle-particle–particle-mesh (P3M) method. Using temperature-

dependent semiclassical potentials, the short-range part of the Coulomb interaction is soft-

ened within a distance set by the deBroglie wavelength [16] to avoid the classical Coulomb

collapse of the plasma. Earlier simulation studies on hydrogen plasmas suggest that our

results are insensitive to the specific choice of the form of the potential [17]. We incorpo-

rated quantum-atomistic processes using the ”Small-Ball” approach which takes advantage

of the short-range nature of screened-particle interactions in a dense plasma: Only quantum

processes within a small region about a given ion are considered under careful consideration

of the effects of the plasma environment on the two-particle interaction rates within that

region [18]. For most simulations the system size was 105 particles. For larger x-ray energies

and smaller x-ray fluences, the effect of the x-ray beam on the material is weaker, and we

increased the system size to up to 107 particles to improve the signal-to-noise ratio. We

simulated infinitely large systems by assuming periodic boundary conditions. Finite size

effects such as sample charging and electron trajectories outside the sample are discussed in

Ref. [15].

Fig. 1 (a) shows snapshots of the electron velocity distribution function f(E) of a carbon

sample irradiated by a 6 keV x-ray pulse for 10 fs. The distributions exhibit two peaks: one

low-energy feature made up of the secondary and a few Auger electrons, and a high-energy

peak from the photoelectrons. With time, the fast electrons heat the slow electrons and

3



10−3

10−2

10−1

f(
E

i) 
∆E

i

(a)2.5fs (T=31eV)
5fs (T=70eV)

7.5fs (T=125eV)
10fs (T=195eV)

10−3

10−2

10−1

100 101 102 103 104

f(
E

i) 
∆E

i

E (eV)

(b)0fs (T=195eV)
15fs (T=494eV)
30fs (T=744eV)

FIG. 1. (a) Evolution of the normalized electron velocity distribution of carbon irradiated with a 6

keV x-ray pulse, focused to 100nm, for 10 fs (solid-step curve) and Maxwell distributions fitted to

the low-energy part of the velocity distributions (dashed). (b) Relaxation of the bimodal electron

velocity distribution after the x-ray pulse has been turned off. T is the temperature of the slow

electrons.

increase their number through elastic and inelastic scattering, respectively. Simultaneously,

the fast electrons equilibrate among themselves, and the fast-electron peak broadens. For

slower photoelectrons, for example at 2 keV shown in Fig. 2 (a), the slow and fast electron

peaks eventually merge during the pulse. For smaller fluences, less energy is transferred to

the slow electrons, and the peaks stay distinguishable, see Fig. 2 (b).

To quantify the deviation of the bimodal velocity distribution f from equilibrium, we fit

a Maxwellian kinetic energy distribution fslow of temperature Te to the low-energy peak,

shown as dashed lines in Figs. 1 and 2. The remaining tail and high-energy peak of the

distribution near the photon energy, ffast = f − fslow are considered the fast electrons. We

then define the fraction of the kinetic energy of the fast electrons relative to the total kinetic

energy as ǫ = Efast/Etot =
∑

iEiffast(Ei)∆Ei/
∑

j Ejf(Ej)∆Ej . We chose ǫ to measure

the deviation from equilibrium since for many XFEL experiments, the material behavior

is determined by the temperature of the strongly-interacting slow electrons, whereas the

kinetic energy tied up by a few fast electrons is not affecting the material state significantly.
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FIG. 2. (a) Evolution of the normalized electron velocity distribution of carbon irradiated with a

2 keV x-ray pulse, focused to 100nm, for 10 fs (solid-step) and Maxwell distributions fitted to the

low-energy part of the velocity distributions (dashed). (b) Similar results for a ten times larger

focal diameter.

 0

 0.2

 0.4

 0.6

 0.8

 1

ε

(a)

 0

 0.2

 0.4

 0.6

 0.8

 1

ε

(b)

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

ε

t / T

(c)

2keV
4keV
6keV
8keV

FIG. 3. Fraction ǫ for focal sizes of (a) 100 nm, (b) 300 nm, and (c) 1 µm. The pulse lengths are

T = 10 fs (solid) and T = 40 fs (dashed).
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FIG. 4. Average ionization Z and ǫ at end of pulse for (a) 10 fs and (b) 40 fs pulse lengths.

Fig. 3 shows ǫ as a function of normalized time t/T during the pulse for different pulse

parameters. Early on in the pulse, ǫ = 1 since mainly photoelectrons and only a few slow

secondary electrons are present. ǫ then decreases in time, primarily due to two processes:

(i) inelastic scattering of the fast electrons associated with electron impact ionization until

the material becomes mostly ionized, and (ii) elastic electron-electron scattering once a

sufficiently large number of slow electrons has been generated. ǫ is generally smaller for

40 fs than for 10 fs pulses since longer pulses provide more opportunities for the system

to equilibrate. For 10 fs pulses, most of the absorbed x-ray energy resides with the fast

electrons, see Fig. 3 (a), except at 2 keV and 100 nm focal size, for which the slow electrons

become so energetic that their distribution overlaps with the fast electrons, see Fig. 2 (a).

Further, ǫ tends to be larger for larger x-ray energies since the slow- and fast-electron peaks

are spectrally further apart; additionally, the interaction is weaker. Finally, for larger x-ray

energies and larger beam diameters, ǫ levels off for longer pulses. In this regime, Te, the

average ionization Z, and Etot increase linearly in time, whereas the fraction of fast electrons

and Efast shown only a slow increase.

The x-ray fluences considered in this paper are sufficient to create strongly ionized plas-

mas, but most of the ions stay in their atomic ground state during the pulse. Fig. 4 shows

Z and ǫ at the end of the pulse. The ionization is larger for softer x rays and smaller focal
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FIG. 5. Evolution of ǫ after the 100 nm x-ray pulse with a duration of 10 fs.

diameter due to larger photoabsorption cross sections and larger x-ray fluences, respectively.

For 100 and 300 nm focal sizes, the atomic L shell is (nearly) completely stripped for all

x-ray energies. In the case of 1 µm focal size, the energy transfer is too slow during the 10

fs pulse to cause significant ionization for harder x-rays; for the longer 40 fs pulses, Z ≈ 3

since the fast electrons had more time to transfer their kinetic energy.

Fig. 4 shows also ǫ at the end of the pulse. For 10 fs pulses, 0.6 < ǫ < 1, except

for x-ray energies around 2 keV for which the slow electrons are so energetic that they

are indistinguishable from the fast electrons. For 40 fs pulses, the system had more time to

equilibrate, and 0 < ǫ < 0.5. ǫ is smaller for softer x-rays since the average kinetic energies of

the slow and fast electrons are more similar. ǫ increases with x-ray energy since the peaks are

further apart, and finally decreases again since bound-electron stopping eventually becomes

effective (Z is small in this case).

The electrons continue to equilibrate after the end of the x-ray pulse, see Fig. 1 (b)

showing the electron distribution and Fig. 5 showing ǫ. We define the equilibration time

τ as the time when 80% of the absorbed x-ray energy has been transferred to the slow

electrons (ǫ(τ) = 20%). Fig. 6 shows τ as a function of pulse parameters. For mostly

ionized systems, τ is larger for larger x-ray energies E since energetic electrons interact more

weakly than slower ones, and ǫ is larger to begin with. For lower fluences, the ionization

Z is smaller, and inelastic bound-free scattering leads to increased electron stopping at

larger E. Further, τ tends to be smaller for longer x-ray pulses since the system has already

equilibrated somewhat during the pulse. In nearly all cases, τ(E) roughly follows ǫ(E) taken

at end of pulse (Fig. 4), because it takes longer to reach ǫ = 20% when starting out from

a larger value. We found that the τ(E) as well as ǫ(E) at t = T for 100 and 300 nm focal
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FIG. 6. τ as a function of x-ray energy at the end of a (a) 10 fs and (b) 40 fs-long x-ray pulse for

different beam diameters (a) with atomic physics and (b) without atomic physics.

sizes intersect at E = 6 keV because for 300 nm and E ≥ 6 keV, the L shell in carbon is

populated, and bound stopping becomes more effective, whereas for smaller E, both ǫ and

τ are smaller since the slow- and fast-electron peaks are closer. Finally, for the 1 µm focal

size, we again observe a peak around 3 to 5 keV, for the same reasons we observed a peak

in ǫ(T ) (see Fig. 4 (b)).

To determine the contribution of the bound electrons to fast-electron stopping, we calcu-

lated the evolution of ǫ with the atomic physics processes turned off at the end of the x-ray

pulse. We found that the bound electrons have little effect on the stopping in most cases

since the systems are highly ionized, and K-shell electron-impact ionization is significantly

weaker than for L-shell electrons. The most notable exceptions are 5 to 8 keV x-ray pulses

that are 10 fs in duration and focused to 1 µm, for which the L shell is somewhat populated,

see Fig. 6 (a).

CONCLUSIONS

In summary, we characterized the nonequilibrium electron distribution in strongly XFEL-

driven dense plasmas and found that for pulse lengths of 40 fs and shorter, the distribution
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cannot be described by a single temperature since it is bimodal. The two peaks are more

distinct for larger x-ray energies and shorter pulses. The slow-electron peak roughly follows a

Maxwellian. The non-Maxwellian fast-electrons tie up a significant fraction of the absorbed

x-ray energy.

The nonequilibrium nature of the electron distribution has important consequences for

plasma experiments at XFELs: (i) The average ionization Z is lower than at equilibrium

since the temperature of the slower electrons is significantly lower an estimated temperature

based on the total absorbed x-ray energy. For harder x-rays and larger focal diameter, in

which case the system is not that strongly ionized, the difference in Z can be up to ∆Z = 3.

(ii) Since the electron distribution can be highly non-Maxwellian, an equilibrium electron

temperature can often not be defined, and the applicability standard equilibrium models

to describe the effects of the plasma environment on the atomic states, such as given by

Stewart and Pyatt [11] and Eckart and Kroll [12] could be questionable. This is particularly

an issue early on in the pulse. (iii) To study equilibrium plasmas using XFEL, longer pulses

or, better, pump-probe setups with sufficient delays of up to hundreds of fs are required.

(vi) Before the slow and fast electrons peaks equilibrate, the fast electrons also equilibrate

among themselves and generate some electrons with kinetic energies that greatly exceed the

photon energy. This needs to be taken into account when interpreting emission spectra of

XFEL-irradiated materials [1].
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