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The X-ray-induced, nonthermal fluidization of the prototypical SiO2 glass is investi-
gated by X-ray photon correlation spectroscopy in the small-angle scattering range. This
process is initiated by the absorption of X-rays and leads to overall atomic displacements
which reach at least few nanometers at temperatures well below the glass transition.
At absorbed doses of ∼5 GGy typical of many modern X-ray-based experiments, the
atomic displacements display a hyperdiffusive behavior and are distributed according to
a heavy-tailed, Lévy stable distribution. This is attributed to the stochastic generation
of X-ray-induced point defects which give rise to a dynamically fluctuating potential
landscape, thus providing a microscopic picture of the fluidization process.

XPCS | glasses | out of equilibrium systems

Recent experiments carried out using wide-angle X-ray photon correlation spectroscopy
(XPCS) have revealed that X-rays in the 10-keV range induce in some oxide glasses
local fluidization of the material via a nonthermal process (1–5). XPCS probes the q
component of the density correlation function, F (q, t) = 〈ρ∗q (0)ρq(t)〉, where q is the
scattering vector and ρq(t) is the q component of the microscopic density (6). The claim
of local fluidization comes from the observation that the density correlation function at
the interatomic length scale decays to zero under X-ray irradiation: This is a sign of a
complete renewal of the atomic configuration typical of a liquid but not of a glass. The
characteristic timescale, τ (q), of such configuration renewal turns out to be inversely
proportional to the X-ray dose rate (1–5).

Atomic displacements initiated by radiation and ionizing particles in silica samples
were already observed in several experiments (7–10): It is in fact well known that
atomic motions can be induced via elastic and inelastic scattering (11). The possibility
of measuring by XPCS the full density correlation function and thus of probing the
complete fluidization process during irradiation over a range of different q values (and
therefore of different length scales) can provide information useful to clarify the nature of
this process. In particular, the available data show that τ (q) decreases on increasing q (1),
though the limited q range investigated so far makes it unclear whether this dependence
is linear (12) or rather a smoother power law (13).

Moreover, the correlation functions measured by XPCS in silica (1) display a peculiar
shape tagged “compressed exponential.” Compressed exponential relaxations have been
reported in several systems, most notably soft materials in an arrested state, using dynamic
light scattering (14–16) and small-angle XPCS (17, 18). In these studies, the occurrence
of a compressed exponential shape has been recognized to be the signature of stress
relaxation, where stress sources arise spontaneously in the aging material (14, 15). It is
clearly tempting to describe the X-ray-induced fluidization in terms of stress relaxation,
where the stress would be induced in this case by X-ray absorption; it is then crucial to
investigate the q dependence of the F (q, t) over a larger q range than already available and,
in particular, at smaller q’s in order to study how the observed local fluidization process
evolves toward larger length scales. To reach this goal, we report here on an XPCS experi-
ment that reaches the small angle, low-q range of a glass of silica. This range is notoriously
difficult to investigate for atomic glasses due to the low scattering rate. The present data
cover almost two decades in q from the small-angle X-ray scattering (SAXS) to the wide-
angle X-ray scattering (WAXS) range. They clarify that, for absorbed doses of ∼5 GGy
typical of many modern X-ray-based experiments, the atomic displacements that follow
X-ray irradiation are distributed according to a Lévy stable law and result from stochastic
acceleration, revealing important aspects of the X-ray-induced fluidization process.

The XPCS measurements were carried out using two acquisition schemes cor-
responding to two different average dose rates: 2 s (1.5 s) of exposure per frame
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with no (3 s) waiting time between frames. They will be referred
to in the following as high dose rate (HDR) and low dose rate
(LDR), respectively. The corresponding average dose rate values,
calculated assuming an elliptical cross-section for the beam with
major and minor semiaxes equal, along the horizontal and vertical
directions, to the corresponding FWHM/

√
2 ln(2) values, are

7.8 (2.6) MGy/s for the HDR (LDR) runs. In the case of SiO2,
the scattered intensity in the small-angle range is more than one
order of magnitude smaller than at the maximum of the scattered
intensity. The combination of low count rates and long relaxation
times required acquisition times of ∼40 min (2 h) for the HDR
(LDR) measurements.

For each measurement scheme, the detector images were
divided into regions of interest (ROI) defined by the q intervals
selected for the analysis. The scattered intensity, I(q), was
obtained from individual images, while a two-times correlation
matrix was calculated as follows:

Cq(t1, t2) =
〈
(
Ip(t1)− 〈Ip(t1)〉

) (
Ip(t2)− 〈Ip(t2)〉

)
〉

〈Ip(t1)〉〈Ip(t2)〉
, [1]

where Ip(t) is the intensity collected by pixel p at time t in the
q-ROI, and 〈. . . 〉 indicates average over the pixels belonging to
that ROI. Eq. 1 can be alternatively expressed as function of the
waiting time tw = t1 and lag-time t = t2 − t1. Then, averaging
Cq(tw, tw + t) over an appropriate range of tw, the normalized
intensity correlation function g2(q, t) = 1 + C |F (q, t)|2 can
be computed, SI Appendix for more details. Here, C is an
instrumental constant known as contrast (6). The obtained
g2(q, t) was then described using for |F (q, t)|2 the expression
(14):

|F (q, t)|2 = exp[−2(t/τ (q))β(q)], [2]

where β(q) is the shape parameter.
In Fig. 1A, the scattered intensity is reported as a function of

q. It is possible to identify two regimes: the first, at lower q’s,

where the intensity drops very rapidly, and the second, at larger
q’s, where the intensity is almost q independent; SI Appendix for
more details. The low-q regime originates from the roughness of
the surfaces (19).

This roughness scattering follows a power law behavior
described by I0

s q
−δ , where I0

s is a constant. The second regime
corresponds to the intensity scattered from the bulk in the q→ 0
limit (20). In this regime, the scattered intensity depends weakly
on q and can be treated as a constant, I0

b . The measured I(q) can
then be described as follows:

I(q) = I0
s q
−δ + I0

b . [3]

This expression indeed accurately fits the experimental data, as
shown in Fig. 1A. Noticeably, according to the model of Eq.
3, for q > 0.34 nm−1, bulk scattering dominates the scattered
intensity; see Inset of Fig. 1A. Clearly, there is no sharp transition
between the surface- and the bulk-dominated scattering range,
and the quoted q value marks simply a point where the two
contributions are roughly comparable.

In Fig. 1B, the normalized g2(q, t)− 1 data corresponding to
the LDR run are reported for selected q’s. Lower q’s correspond
to longer relaxation times; correlation functions corresponding
to q ≤ 0.2 nm−1 do not show a complete decorrelation in
the probed time window and are not plotted. For q < 0.34
nm−1, τ (q) essentially corresponds to the time required for a
complete renewal of the surface roughness. This shows that X-
ray irradiation induces not only local fluidization of the bulk but
of the surface as well.

The q dependence of the intensity correlation function can be
captured looking at the relevant parameters obtained by fitting
Eq. 2 to the experimental data. One key point, however, is
that the data discussed here show a complex dose and dose
rate dependence that has to be disentangled. The dose rate
dependence has been discussed in previous studies, where it was
shown that the decay time of the intensity correlation functions

A B

Fig. 1. (A) Scattered intensity collected in the LDR run (symbols) together with the best-fitting curve of Eq. 3 (line); the fit parameters are I0s = (8.6± 0.1) · 10−4

ph/s/nm� , � = 3.5 ± 0.1 and I0b = (15.20 ± 0.01) · 10−3 ph/s. Inset, Ratio of the square of the surface-scattered intensity to the total one. The horizontal line
shows that for q >0.34 nm−1, scattering from the bulk dominates. (B) Normalized intensity correlation functions for the LDR series at various q’s from 0.23 to
0.96 nm−1 (blue to red) together with two examples of the best-fitting functions of Eq. 2 (lines). In all panels, the data are averaged over all collected images.
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scales with the inverse of the dose rate (1–5). For what concerns
the dose dependence, in the Inset of Fig. 2A a Cq(t1, t2) matrix is
reported for the HDR series and for q = 0.64 nm−1. It is possible
to see there a small increase in the relaxation time with dose (age),
as typically observed in aging materials; see e.g., refs. 21 and 22.

In Fig. 2A, the relaxation time, τ (q), extracted from the HDR
series at two representative waiting times is reported as a function
of q. In both cases, τ (q) decreases on increasing q, but at lower
q’s, the dynamics slows down fast with sample age. At higher q’s,
the two datasets are instead closer.

The corresponding shape parameters,β(q), are reported in Fig.
2B. At short waiting time, the data are constant and compatible
with the values observed in wide-angle scattering measurements,
where it was found that β = 1.40±0.12 (1) (gray stripe). These
wide-angle scattering data correspond close to the peak of the
scattered intensity, to a dose of ∼5 GGy. The q independence
of β(q) over more than a decade in q shown in Fig. 2B is
remarkable and recalls similar results obtained in light-scattering
studies of stress relaxation (14–16); moreover, the values of β
obtained in those experiments are also very close to the ones
found here. In the data at longer waiting time, instead, the shape
parameter decreases at high q’s. This might be related to the
structural changes that appear in the glass at the corresponding
doses (1).

To compare the present results with those in the literature (1),
it is then necessary to evaluate the data at the same dose, D, and
then scale them to the same dose rate, dr (2, 5). In particular,
the computation of correlation functions intrinsically relies on

information at different ages (and thus doses). However, starting
from a Cq(tw, tw + t) matrix, only patterns up to∼tw + τ give a
relevant contribution to the correlation function for a given tw.
The dose–tw relation can then be taken as D = dr · (τ + tw).
It is then possible, selecting the appropriate waiting times tw, to
interpolate the values of the relaxation times for the HDR and
LDR series at a dose of 5 GGy, thus obtaining the data τ5(q)
reported in Fig. 3A. In Fig. 3B, the ratio between the τ5(q) data
derived from the HDR and LDR series is reported. This is one
of the hallmarks of the induced dynamics: This ratio matches the
inverse ratio of the corresponding dose rates, confirming previous
observations (1, 2).

Given the proportionality of the relaxation time to the inverse
dose rate for a total dose of 5 GGy, it is now possible to
compute a relaxation time, τR5 (q), scaled to the dose rate used
in the HDR series and in the dose limit of 5 GGy from the
measurements carried out in both LDR and HDR conditions. In
Fig. 4, these data are reported together with additional wide-angle
scattering control measurements at the same dose and scaled to
the same dose rate and described in more detail in SI Appendix.
The results from the present experiment can be described as
τR5 (q) = 1/(bqα) (dashed line in Fig. 4), with α = 0.56± 0.04
and b = (299 ± 9) · 10−5 nmαs−1. Remarkably, the same
power law is also well in line with the literature data from wide-
angle experiments (1) scaled to the same dose rate, though an
additional multiplication factor of 1.1 was applied here. Such a
small correction factor is likely a residual systematic error in the
comparison of absolute intensities at different beamlines (P10 at

A

B

Fig. 2. (A) q dependence of the relaxation time, �(q), for the HDR series and at the waiting times indicated in the legend. Inset: Two-times correlation matrix
corresponding to the HDR series and q = 0.64 nm−1. (B) q dependence of the shape parameter, �, for the same data as in (A). The range of values observed in
wide-angle scattering measurements (1) is also reported (gray stripe).
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A

B

Fig. 3. (A) The relaxation times interpolated at a dose of 5 GGy are reported for the LDR (diamonds) and two HDR runs (circles and squares). (B) q dependence
of the ratio of the LDR and HDR relaxation times reported in (A). This ratio matches the inverse ratio of the corresponding dose rates (dashed line).

Petra for the present measurements and ID10 at the ESRF for
those from ref. 1).

It is interesting to observe that, while the q dependence of the
I(q) data reported in Fig. 1 clearly suggests the presence of two

different scattering contributions, from the surface roughness and
from the bulk, the τR5 (q) data reported in Fig. 4 rather suggest
a single mechanism active in the whole q range. In other terms,
Fig. 4 suggests that the same microscopic mechanism following

Fig. 4. Relaxation times as a function of q rescaled to a dose rate of 7.8 MGy/s for the small-angle scattering data (circles) together with three control
measurements at high q (squares) and the data from ref. 1 (diamonds and triangles). The data from ref. 1 have been additionally multiplied by a factor 1.1. All
data correspond to a dose of 5 GGy. The dashed line is the best-fitting function �R5 (q) = 1/(bq�).
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X-ray absorption acts to change the atomic configuration in the
bulk of the glass as well as at its surface.

The results reported in Figs. 2B and 4 are striking at the first
sight. They can be summarized as follows:

F (q, t) = e−(bγ tγ q)p , [4]

where γ = 1/α = 1.79±0.13 and p = α ·β(q) = 0.78±0.09
turns out to be q independent. This is very different from a
standard diffusion process where F (q, t) = e−D0q2t , with D0 the
diffusion coefficient (23).

Eq. 4 can actually be used to infer the X-ray-induced
distribution of the atomic displacements, 1R(t), at time t.
Approximating F (q, t) with its self-component (23), in fact, it is
possible to write

F (q, t) = 〈eiq·1R(t)
〉 =

∫
g(1R(t))eiq·1R(t) d(1R), [5]

where g(1R(t)) is the distribution function of 1R(t) at time
t. Using Eq. 4 and following ref. 15, it is then possible
to invert Eq. 5 to extract g(1R(t)) or, rather, the function
w(1R(t)) = 4π2(1R(t))2g(1R(t)), which represents the
distribution function of the modulus of 1R(t). The result is

w(1R(t)) = −
21R(t)
(bt)γ

d
d(1R)

Lp,0(1R/(bt)γ ), [6]

where Lp,0 is the Lévy stable law, characterized by an asymptotic
power law decay: Lp,0 ∼ (1R)−(p+1) (15, 23).

Eq. 6 allows evaluating w(1R(t)) at different times. It only
depends on the parameter b, which, as remarked earlier, is
proportional to the dose rate. In Fig. 5, we report w(1R(t))
at times t = τ (q = 15.2 nm−1) = 67 s and t = τ (q = 0.37
nm−1) = 590 s, i.e., at times corresponding to the decay time of
the intensity correlation function at the maximum and minimum
q values reached in the present experiment (shortest and longest
decay times, respectively). We underline here that both curves
correspond to the same dose of 5 GGy and to the HDR case. The
gray area in Fig. 5 corresponds to the q range directly explored
by us: Smaller and larger displacements can be estimated only by
extrapolation.

The Lévy distribution features an infinite variance; when used
to describe experimental data, this is often dealt with truncating
it at some cutoff value (24–27). In these cases, the variance of
the distribution remains finite and scales as 〈(1R)2

〉 ∼ t2γ (24–
26). However, it is still possible to evaluate the most probable
displacement, 1R∗, identified by the maximum of w(1R(t))
(the mode of the distribution). The most probable displacements
for the distributions reported in Fig. 5 are 0.037 and 1.75 nm,
respectively, and are close to ∼ 1/q in both cases. The values of
1R∗, evaluated at times corresponding to the relaxation times
probed in the present experiment, are reported in the Inset of
Fig. 5, where it is also shown that1R∗ ∝ tγ . In other terms, the
mode of the distribution function scales as the root mean square
displacement calculated with some reasonable cutoff.

At this point, it is interesting to compare the distribution
functions w(1R) that we observe for the present case of
irradiation-induced dynamics with that corresponding to a
simple diffusive dynamics to better grasp the consequences of
the process at play here. Simple diffusion can be described by
Eq. 4 with parameters p = 2 and γ = 0.5. The corresponding
distribution w(1R) can be readily calculated using again Eq. 6.

Fig. 5. Main panel: Distribution functions of atomic displacements, w(1R),
for a SiO2 glass irradiated with a dose rate of 7.8 MGy/s (HDR) and for a total
dose of 5 GGy calculated at times corresponding to the relaxation times, �(q),
at the highest (blue line) and shortest (orange line) q values probed in the
present XPCS experiment. The gray-shaded area highlights the reciprocal of
the range, where, in q space, our experiment has been carried out. The black
dashed vertical line indicates the position of the most probable displacement
(the mode of the distribution) for the large-q case. The brown dot-dashed
line is the distribution w(1R) calculated for a diffusive dynamics, and the
value of the diffusion coefficient, D0, is chosen to match the mode of the
distribution to that of the distribution for the induced dynamics for the largest
probed q. Inset, Time dependence of the mode, 1R∗, of the distribution of
atomic displacements probed under irradiation at times corresponding to the
measured �(q) (circles). This time dependence is well described by a power
law 1R∗ ∝ t with  = 1.79 (blue line). Very different is the case of the simple
diffusion process (red dot-dashed line), where 1R∗ ∝ t0.5.

It can be compared to the one characteristic of the irradiation
process at a given time by matching the mode of the two
distributions by an appropriate choice of the diffusion coefficient,
as shown in Fig. 5 for a time of 67 s. The distribution function for
the simple diffusion case (red dash-dotted line) shows the well-
known exponential decay, signifying that long displacements
are exponentially less likely. This is clearly different from the
situation which is reached upon irradiation, where the heavy
tail of the distribution of atomic displacements indicates a high
probability for large displacements. As shown in the Inset of Fig.
5, in addition to this heavy tail, the mode of the distribution for
the irradiation-induced displacements increases with time much
faster than that for simple diffusion, where 1R∗ ∝ t0.5.

We note on passing that the diffusion coefficient used in Fig. 5
to match the two distributions to the same mode isD0 = 5·10−22

cm2/s, which is a very small value. This is the diffusion coefficient
known for SiO2 at temperatures around the glass transition (28).
This is consistent with the fact that a relaxation time of 67 s is
indeed typical of a glass close to the glass transition temperature.
In other terms, the most probable atomic displacement induced
by an X-ray beam with a dose rate of 7.8 MGy/s and at a
dose of 5 GGy is close to that of SiO2 at the glass transition
temperature.

The comparison between the distribution function of the
atomic displacements for simple diffusion and for the irradiation-
induced dynamics suggests a natural way to identify the
anomalously long displacements which appear under irradiation.
We can call in fact “long displacements” those that are not
likely to be reached in a simple diffusion process. They can
be evaluated computing the cumulative distribution functions
(cdf) for the two distributions. We can call “long displacements”
those larger than the displacement at which the cdf for the
mode-matching distribution for simple diffusion is 0.99. For
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that value of displacement, the cdf for the irradiation-induced
dynamics is 0.36, meaning that, for the Lévy stable distribution
that we probe under irradiation, 64% of the displacements can be
considered long or that for each “short” displacement, there are
approximately 2 “long” ones. These numbers are useful to provide
a qualitative picture of the dynamics induced by irradiation
though they are clearly arbitrary as they depend on the threshold
used to define an unlikely event for the simple diffusion case.
This however does not change the qualitative conclusion that
during the irradiation-induced dynamics studied here, a relevant
fraction of the atomic displacements are out of reach for a simple
diffusion process.

In order to rationalize our findings, it is useful to discuss
the microscopic origin of the fluidization process taking place
under X-ray irradiation. In SiO2, the most likely event following
the absorption of a hard X-ray photon is the generation of a
photoelectron from the Si K-shell and then of a cascade of
secondary electrons. A fraction of these electrons will give rise
to self-trapped excitons which, in wide band gap materials,
couple efficiently to the atomic positions. The final result of
the self-trapped excitons generation and decay is the build-up of
a population of point defects, e.g., associated with broken Si-O
bonds (29). These defects act as local stress sources in the glass
and more specifically provide dipolar sources of stress (30). We
are then in the presence of a random distribution of local stress
sources that fluctuate both in space and in time.

The problem of particle displacements in an evolving random
potential has been studied theoretically in some detail as it can
increase the transport rate beyond diffusion, where, as we have
just seen, 〈(1R)2

〉 ∝ t, and even beyond ballistic transport,
where 〈(1R)2

〉 ∝ t2 (31–33). In particular, hypertransport
is observed on a timescale longer than that characteristic of
the evolving random potential but slower than that associated
with friction. In the present case, the former scale is fixed
by the inverse of the X-ray absorption rate while the latter
one must be very long as we are dealing with a glass in the
elastic limit, where friction is negligible. There is then plenty of
scope here for realizing conditions for hyperdiffusion. A good
explanation of our data is then provided by an extreme case
of hypertransport, where particles are stochastically accelerated
with the prediction that 〈(1R)2

〉 ∝ t3 (31–33). Our result for
2γ = 3.6± 0.3 is compatible with such a prediction within two
standard deviations. This regime is well known in other contexts
as for the case of acceleration of charged particles by interstellar
fields (34) and for light propagating through a photonic medium
containing spatial disorder fluctuating in time (35). The present
results provide an example of stochastic acceleration of atoms by
fluctuating stress fields.

A random distribution of stress sources is however expected
to give rise to a distribution w(1R) ∼ (1R)−5/2 (15, 36).
This is sensibly different from what we observe here, where
w(1R) ∼ (1R)−1.78: in SiO2 irradiated at 5 GGy, w(1R)
shows a heavier tail than expected, implying a larger probability
for atomic displacements at larger distances. This might be
interpreted as a sign that, at the considered dose, the population
of point defects generated in the glass is dense enough to modify
the displacement field expected for a random distribution of
elastic dipoles in the far field limit.

While more experiments will have to be carried out to better
clarify this discrepancy, it is interesting to reflect on possible
reasons for that. We could for instance imagine a “facilitation”
scenario, a concept of relevance in the physics of glasses and

undercooled liquids (37, 38), where the proximity of fluidized
regions might facilitate larger displacements. Given the figures
reported in Materials and Methods for the beam intensity, its
spot size and energy, and the sample thickness, we can estimate
that ' 20 photons/(μm3μs) are absorbed in our SiO2 sample.
In order for a facilitation mechanism to be effective, the atomic
rearrangements triggered by one photon should last order of a
microsecond over volumes of the order of a cubic micrometer to
affect the rearrangements induced by a second photon absorbed
in the vicinity. This seems unlikely. For example, if the generation
of a self-trapped exciton is the main microscopic mechanism at
the basis of the observed effect, the timescale of the process is
indeed of the order of a microsecond (at room temperature) (39),
but atomic relaxation takes place at the interatomic scale (29),
maybe affecting a volume of up to a nanometer in size. There
might be however a second mechanism where facilitation could
intervene. The self-trapped excitons, on decaying, will normally
leave a local defect in the glass matrix and thus a source of local
stress. The population of defects will increase upon irradiation
until, at a certain point, for a newly generated photoelectron,
it will be likely to encounter an already stressed network spot.
The time required for this to happen, at the dose rates explored
here, might be of order 100 s if we assume that a self-trapped
exciton stresses order 1 nm3 of glass structure and that every
absorbed photon generates a self-trapped exciton. The dynamics
induced at this spot might then be characterized by much larger
displacements and result in the observed hypertransport. At this
stage, this picture remains however hypothetical and based on
bold figures, and more studies are required to understand whether
it can really stand scrutiny.

In conclusion, the observation of a Lévy distributed atomic
displacement field provides information on the fluidization
of SiO2 under an X-ray beam. Clearly, the mechanism, based
on stochastic acceleration, is completely different from that of
thermal melting. XPCS shows then a clear sensitivity not only to
the generation of point defects in the glass matrix but also to the
response of the elastic medium, and the full development of this
capability might shed light on the effects of radiation on glasses.

Materials and Methods

Experimental Set-Up. The main experiment was performed at beamline
P10 of the PETRA III storage ring in Hamburg (D) in small-angle scattering
configuration (40). The 8-keV X-ray beam was monochromatized using a
Si(111) channel-cut crystal, and its spatially coherent part was focused onto
a 3 × 2-μm2 spot (FWHM) at the sample position, with an incident flux of
F0 ' 4 · 1010 photons/s. The SiO2 sample, a disk of fused silica (Suprasil)
150-μm thick, was mounted in transmission geometry and held in vacuum at
ambient temperature. The detector was an EIGER 4M (2,070 × 2,167 pixels,
75-μm pixel size) placed in the forward direction at 5.05 m downstream of the
sample.

Sample Preparation. Disks of pure anhydrous silica were obtained from a
larger block of silica (suprasil). The disks were ground with sandpaper down to
a thickness corresponding to one absorption length for an 8-keV X-ray beam.
The sample’s surfaces were then polished with finer sandpaper of grit P1200
(average grain size of about 15 μm). The sample thickness was determined by
X-ray transmission using a photodiode.

The final polishing of the sample’s surfaces does not prevent the presence of
some sharp scratches (visible also with an optical microscope). The presence of
such scratches produces strong streaks of X-rays on the detector which complicate
the intensity correlation analysis. To mitigate this problem, we carefully chose a
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spot on the sample where the surface was as flat as possible and then masked
the remaining streaks on the detector during the data analysis phase.

Data, Materials, and Software Availability. All study data of this article
not appearing directly in the main text and/or SI Appendix are available at
https://researchdata.cab.unipd.it/798/ (41).
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