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Ultrafast changes of charge density distribution in diamond after irradiation with an intense x-ray pulse
(photon energy, 7.8 keV; pulse duration, 6 fs; intensity, 3 × 1019 W=cm2) have been visualized with the
x-ray pump–x-ray probe technique. The measurement reveals that covalent bonds in diamond are broken
and the electron distribution around each atom becomes almost isotropic within ∼5 fs after the intensity
maximum of the x-ray pump pulse. The 15 fs time delay observed between the bond breaking and atomic
disordering indicates nonisothermality of electron and lattice subsystems on this timescale. From these
observations and simulation results, we interpret that the x-ray-induced change of the interatomic potential
drives the ultrafast atomic disordering underway to the following nonthermal melting.
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Since their discovery in 1895, x rays have become
established as an invaluable probe for gaining an atomic
insight into the structure of matter through various kinds
of interaction processes, such as scattering, absorption,
and emission of photoelectrons and fluorescence. These
interactions were usually weak with the previous x-ray
sources, and therefore it was assumed that x-ray irradi-
ation did not modify matter. This situation has been
totally changed by the recent advent of x-ray free-electron
lasers (XFELs) [1,2], which can generate brilliant femto-
second x-ray pulses.
When an XFEL pulse irradiates matter, photoionization

and emission of Auger electrons occur almost simulta-
neously during or shortly after the irradiation with the
pulse. The emitted electrons collide with bound electrons in
the surrounding atoms and strip outer shell electrons,
triggering a cascade of collisional ionization [3], and
thereby a massive number of electrons are excited almost
at once. For example, a numerical simulation [4] predicts
that an XFEL pulse with an intensity of ∼1019 W=cm2 [5]
may excite ∼30% of valence electrons to the conduction
band for diamond, causing irreversible atomic disordering.
A deep understanding of transient XFEL interaction with
matter is essential not only because of fundamental interest
but for analyzing experiments with intense XFEL pulses

and designing optical devices applicable to future cavity-
based XFELs [6,7].
So far, time-resolved description of XFEL interaction

with matter has been relying on theoretical modeling,
validated only in part by time-integrated measurements
of charge states of ions [8,9,10] and emitted fluorescence
[11,12]. A recently developed x-ray pump–x-ray probe
diffraction technique using a double XFEL pulse is
promising for capturing the transient interaction processes.
A few pioneering groups applied this technique to bench-
marking samples (diamond [13], silicon [14], and xenon
clusters [15]) and revealed that the XFEL pulse causes
atomic displacements on the femtosecond timescale. These
experiments, however, do not answer fundamental ques-
tions, such as what physical mechanism leads to ultrafast
atomic displacement and how electron excitation proceeds
with time, because a limited number of the measured
diffraction peaks (one or two) made it difficult to discuss
detailed structural information.
We here demonstrate an atomic-scale time-resolved

visualization of XFEL-matter interaction. By employing
the unique capability of SACLA [16] that can generate
XFEL pulses with the shortest wavelength among the
similar facilities, several probe diffraction peaks of dia-
mond were measured in the x-ray pump–x-ray probe
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experiment. The charge density distribution was deter-
mined from the relative intensity of the probe diffraction
peaks by the multipole electron-density modeling [17].
From the visualized charge density distribution, the mech-
anisms of femtosecond atomic disordering previously
reported in [13,14,15] are discussed.
Figure 1(a) shows a schematic illustration of the experi-

ment at SACLA beamline 3 [18]. The XFEL source was
operated in the two-color double pulse mode [19] to
generate 7.8-keV pump and 11.5-keV probe pulses with
pulse durations of 6 fs (FWHM) [20]. The delay of the
probe pulse with respect to the pump was controlled at the
accuracy of less than 1% of the delay time by using a
magnetic chicane [19]. The double pulse was focused to an
FWHM of 200 nm diameter by an x-ray mirror system [21].
By using three multiport charge-coupled device (MPCCD)
detectors [22], diffraction peaks (111, 220, 311, 400, 331
reflections of the probe and 220 reflection of the pump)
from a nanocrystal diamond film with 16 μm thickness
[23] were measured with the different time delays of the
probe pulses. The shot-by-shot pulse energy was deter-
mined by an inline spectrometer [24], and ∼500 pulses with
the specific pulse energies of the pump (69� 10 μJ)
and the probe pulses (29� 6 μJ) (corresponding to
∼3 × 1019 W=cm2 and ∼1 × 1019 W=cm2, respectively)
were extracted for each delay and the corresponding
diffraction images were used for the following analysis.
For the purpose of calibration, we also measured diffraction
intensity of undamaged diamond by reducing x-ray fluence
to less than the damage threshold using a silicon attenuator.

Figures 1(b) and 1(c) show the diffraction intensity
profiles for the two shortest delay times (0.5 and 5 fs)
and with longer delay times added, respectively. For better
visibility, the profiles normalized by the peak intensity of
probe 111 reflection are shown in Fig. 1(b), while those in
Fig. 1(c) are rescaled in such a way that the baselines of
probe 111 reflection become the same degree. Interestingly,
the peak positions of all reflections were almost the same for
different delay conditions, indicating that lattice expansion
due to ablation was insignificant at the measured timescale.
The normalized probe diffraction intensity between the
shortest two delay times was slightly different (∼10%) for
220, 400, and 331 reflections [Fig. 1(b)]. To check the
significance of this small difference, we separated all
diffraction images into three groups for each delay condition
and evaluated the probe diffraction intensity [as an example,
the intensity profiles calculated with the separated data set
for delay time of 0.5 fs are shown in the insets of Fig. 1(b)].
The relative difference between the normalized diffraction
intensity calculated with the separated data set and that with
the full data set was less than 5% for all reflections. Thus,
the uncertainty of the measured probe diffraction intensity
when all diffraction images were used for the analysis can be
estimated to 5%=

ffiffiffi
3

p ¼ 3% at most. Therefore, the differ-
ence in the probe diffraction intensity in Fig. 1(b) is
statistically significant. With increasing delay times, the
probe diffraction intensity rapidly decreased, especially for
the higher reflection indices [Fig. 1(c)].
Integrated diffraction intensity for each reflection was

evaluated by the profile fitting and the Rietveld refinement.
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FIG. 1. (a) A schematic illustration of the experiment. The focused double XFEL pulse irradiated a diamond film. The shot-by-shot
diffraction images were measured using three MPCCD detectors. (b) Diffraction intensity profiles for delay times of 0.5 and 5 fs, which
are normalized by peak intensity of probe 111 reflection. The insets show those for delay time of 0.5 fs calculated with separated data set
(see the main text). (c) Diffraction intensity profiles for delay times of 0.5, 20, 35, and 50 fs.
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By dividing the square of structure factors of diamond
measured with synchrotron radiation [25] by the integrated
diffraction intensity of undamaged diamond, a geometrical
correction factor was determined for each reflection. Then,
the integrated diffraction intensity for x-ray-excited dia-
mond was multiplied by the correction factor and used for
structure refinement.
We determined the charge density distribution in dia-

mond by the multipole electron-density modeling in the
Hansen-Coppens formalism [26]. To simplify the model,
the experimental data were analyzed under the following
two assumptions. First, it was assumed that the number of
core holes was negligibly small and the charge density
distribution of the innershell electrons was fairly the same
as the one for undamaged diamond at 300 K. The second
assumption was that the x-ray-induced atomic displace-
ments were independent and random with a mean of zero.
Multipole refinement was performed by using XD2016
[27]. In the analysis, the relativistic scattering factor in
the Su-Coppens-Macchi scattering databank [28,29] was
adopted and electron configuration of 1s2, 2s2, 2p2 was
selected. In this model, the electron-density distribution is
simply described by the following seven parameters: the
scale factor s, the isotropic displacement Uiso, the radial
expansion and contraction parameters for the spherical (κ)
and aspherical (κ0) parts, the octupole (O2–), and the
hexadecapoles (H0 and H4þ). Here, κ and O2– are the

main components that determine valence charge density
distribution in diamond [25]. Also, H4þ is constrained to
H0 by H4þ ¼ ð0.74048ÞH0 due to the symmetry of
diamond. The multipole refinement was performed using
s, Uiso, κ, and O2–, while the other three parameters (κ0,
H0, H4) were set to be the same as those for undamaged
diamond [25]. The refinement of the modeling resulted
in excellent crystal reliability factors (R factors) [R factors:
3.0% (delay time of 0.5 fs), 5.2% (5 fs), 8.9% (10 fs),
5.5% (20 fs), 3.0% (35 fs), and 3.3% (50 fs)], which are
comparable to the previous charge density studies of
diamond [25,30–37].
Figure 2(a) shows the determined valence charge density

distribution for the (110) plane. For reference, the one at the
undamaged state is also shown. Interestingly, even for the
shortest delay time (0.5 fs), the charge density distribution
was different from that at the undamaged state. Here, we
emphasize that x-ray diffraction techniques, including the
present method, determine the ensemble-averaged struc-
ture. However, considering: (i) the short time needed by
electrons to thermalize after the XFEL irradiation—simu-
lation of secondary ionization processes with the
XCASCADE code [38] predicts that electron cascade con-
tinues until ∼25 fs after the pump pulse, and (ii) the fast
electron spreading (on 100 nm distances within 25 fs, for
details see [39]), we find that the charge density distribution
may differ from atom to atom only during or shortly after
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FIG. 2. (a) Valence charge density distribution of diamond for the (110) plane at different delay times. The contour lines are drawn
from 0.1 to 2.0 eÅ−3 with 0.1 eÅ−3 step width (e ¼ 1.6 × 10−19 C is the electron charge). (b) Line profiles of the valence charge density
along ½11̄1� and [001] directions [see Fig. 2(a)] for delay time of 5 fs. (c) Root-mean-square atomic displacement after irradiation with
the pump pulse. (d) Line profiles of the valence charge density along ½11̄1� direction for delay times of 5 and 10 fs.
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the XFEL pulse. Although such electron inhomogeneity
cannot be evaluated solely from diffraction intensity, it can
safely be said that charge density distribution temporally
changed within the time scale of XFEL pulse duration from
the difference in the determined charge density distribution
for 0.5 fs delay and the undamaged state. Spectroscopic
techniques, such as x-ray Thomson scattering [44], could
be useful for investigating the electron inhomogeneity in
more detail.
For delay times longer than 5 fs, the electron distribution

surrounding each atom became almost isotropic, indicating
that the covalent bonds were broken. This result is more
clearly shown in Fig. 2(b), in which the valence charge
density along ½11̄1� and [001] directions around a carbon
atom is plotted. The isotropic charge density distribution
implies that the electron excitation induced by the pump
pulse weakened the interaction between neighboring
atoms. Because of the weak interatomic interaction, each
atom is expected to behave like an isolated atom and start to
move from its original position after the bond breaking. In
fact, the root-mean-square atomic displacement started to
linearly increase with time at the rate of 9 × 10−3 Å=fs after
the bond breaking [Fig. 2(c)]. This rate was comparable to
the velocity of an isolated carbon atom at room temperature
(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBT=M

p ¼ 8 × 10−3 Å=fs, where kB is the Boltzmann
constant, T ¼ 300 K, andM is the mass of a carbon atom).
It is noteworthy that the charge density distribution for
delay times of 5 and 10 fs [Figs. 2(a) and 2(d)] was almost
the same, indicating that significant electron excitation to

the conduction band occurred by ∼5 fs after the intensity
maximum of the pump pulse. Because the onset of the
atomic displacement (∼20 fs) was delayed with the elec-
tron excitation, the momentum of each atom would not
change upon the irradiation with the pump pulse in
accordance with the Franck-Condon principle. Therefore,
(i) the similarity between the increase rate of the atomic
displacement and the velocity of the isolated atom and
(ii) the linear time dependence of the atomic displacement
indicate that the electron excitation made the potential
energy surface almost flat and drove the inertial motion of
atoms. The observed melting process can be considered as
an x-ray analog to nonthermal melting in semiconductors
induced by femtosecond optical laser pulse [45–51], where
excitation of valence electrons to conduction band modifies
interatomic potential and triggers femtosecond solid-to-
liquid transition. Notably, linear time dependence of the
atomic displacement was also observed in the nonthermal
melting in semiconductors [45,46].
To verify our interpretation of the experimental results,

we applied the recently developed code XTANT (x-ray-
induced thermal and nonthermal transitions) [42] for
modeling x-ray-excited diamond at the experimental con-
ditions (see [39] for details). In the present simulation,
we took into account the effect of the spatial Gaussian
profile of the x-ray pulses as well as the escape of energetic
electrons from the x-ray focus [41].
Figure 3(a) shows the average charge density of valence

and conduction band electrons after the irradiation with the
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FIG. 3. Femtosecond excitations of electrons and ions in x-ray-irradiated diamond simulated with XTANT code. (a) Average charge
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pump pulse. The simulation predicts that excitation of
valence electrons to the conduction band takes place
immediately after the irradiation with the pump pulse.
This ultrafast electron excitation and its timescale are
consistent with the bond breaking observed around 5 fs
after the pump pulse [Fig. 2(a)]. In contrast to the massive
excitation of the valence electrons, the fraction of core-hole
atoms is quite small (much less than 1%) [Fig. 3(b)]. This
supports our earlier assumption made that the x-ray
irradiation does not change the charge density distribution
of the innershell electron on the femtosecond timescale.
Figure 3(c) shows simulated electron and ion temper-

atures. The electron temperature is calculated only for
thermalized electrons in the valence and in the bottom of
the conduction band. The electron temperature is higher
than the ion temperature on the simulated timescales,
indicating that the system is not yet thermally equilibrated.
The onset of the ion temperature increase is ∼20 fs, which
agrees well with the experimental observation [Fig. 2(c)].
In contrast, the electron temperature starts to rise immedi-
ately after the irradiation with the pump pulse. This result
confirms that ions remained “cold” before the onset of
atomic disordering, and implies that the electron-ion
thermal interaction did not drive the melting of diamond
observed in the present experiment. Therefore, we can
conclude that the ultrafast atomic displacement observed in
the experiment was due to the nonthermal changes of the
potential energy surface and not due to the electron-ion
energy exchange.
To justify this statement, we also performed a simulation

within the Born-Oppenheimer (BO) approximation that
naturally excludes electron-ion coupling, and calculated the
respective electron and ion temperature after the irradiation
with the pump pulse. The BO results are fairly close to the
original simulation results that include electron-ion cou-
pling [Fig. 3(c)]. This confirms a negligible contribution
of electron-ion coupling on the simulated timescales and
proves that the ultrafast melting of diamond is of a
nonthermal origin.
In summary, the charge density distribution of diamond

after irradiation with an XFEL pulse was visualized at
atomic resolution through x-ray pump–x-ray probe experi-
ment. It was found that the covalent bonds were broken
within ∼5 fs after the XFEL irradiation and that inertial
atomic motion was caused by the change of interatomic
potential. The x-ray-induced nonthermal melting should be
ubiquitous for many experiments with intense XFELs, such
as single-particle imaging [52], protein nanocrystallogra-
phy [53], and generation of warm-dense-matter and plasma
in the high-energy-density regime [11]. Particularly, the
finding of this study will contribute to developing method-
ologies for structure determination with intense XFEL
pulses, as in this regime, the x-ray-induced damage, first
electronic and later structural, occurring during the irradi-
ation should be carefully treated [54,55].
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