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Ionizing radiation interactions in matter can trigger a cascade of processes that underpin long-lived
damage in the medium. To date, however, a lack of suitable methodologies has precluded our ability to
understand the role that material nanostructure plays in this cascade. Here, we use transient photo-
absorption to track the lifetime of free electrons (τc) in bulk and nanostructured SiO2 (aerogel) irradiated by
picosecond-scale (10−12 s) bursts of x rays and protons from a laser-driven accelerator. Optical streaking
reveals a sharp increase in τc from < 1 ps to > 50 ps over a narrow average density (ρav) range spanning
the expected phonon-fracton crossover in aerogels. Numerical modeling suggests that this discontinuity
can be understood by a quenching of rapid, phonon-assisted recovery in irradiated nanostructured SiO2.
This is shown to lead to an extended period of enhanced energy density in the excited electron population.
Overall, these results open a direct route to tracking how low-level processes in complex systems can
underpin macroscopically observed phenomena and, importantly, the conditions that permit them to
emerge.
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As the size and complexity of a system grows, hierar-
chical sets of laws can emerge that define behavior over
different resolutions [1]. An excellent illustration of this
occurs in many-body physics. As the long-range order of
atoms, or a lattice, is established it can spontaneously break
the symmetry of free space leading to the emergence of
phonons [2]. Gaining direct insight into how such a
hierarchy can underpin a system’s response is particularly
relevant for radiation interactions in matter. This is because
the evolution of deposited energy can span spatiotemporal
scales ranging from Åð10−10 mÞ to∼cm and fs to> ns and
encompass everything from physical to chemical and
biological processes [1–10].

A common starting point for models tracking this
transition from excitation to equilibrium is the mean free
path between collisions,

λ ¼ 1

nσ
; ð1Þ

where n is the number density and σ is the interaction cross
section. While Eq. (1) implies that λ scales inversely
proportional with n, the possibility of a nonuniform density
[8,11,12] calls into question the assumption of σ being
independent of n. For example, a heterogeneous distribu-
tion can have fundamentally different nanoscopic structure
to that of a homogenous density, yet have the same average
n [8,12]. This leads to an unavoidable question: how does
the heterogeneity, or granularity, of a medium on the
nanoscale affect the ultrafast processes that underpin
recovery postirradiation? As most media are not homog-
enous on these spatial scales (defects, disorder, grain
boundaries, etc.), developing methods to test the impact
of heterogeneity on σ is central to our ability to realize a
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comprehensive model of nanoscopic energy transport in
irradiated matter [7–15]. From engineering carrier lifetimes
in nanostructured electronics deployed in radiation harsh
environments [3–5,10] to investigating novel modalities for
radiotherapy in health care [6,13], our ability to transform
existing technologies will rely on predicting and control-
ling [3] the evolution of dose on the shortest spatial and
fastest temporal scales postirradiation.
In general, multiple models based on λ are cascaded

to interpret this dynamic phase in bulk, or extended,
media. The initial dose distribution is obtained from the
linear energy transfer (or stopping power) of the irradiating
species [16,17]. Next, the thermal spike model [10,18,19]
can be invoked for the subsequent energy density evolution
and thermalization with the background material. A key
element for describing these dynamics is the role of
collective medium response. This can be approximated
using the phonon gas model (PGM), which assumes a
quasi-infinite periodic lattice to support delocalized plane-
wave vibrational modes, or phonons [2,9,20]. At the same
time, for disordered media, discrepancies between PGM
predictions and observations for thermal conductivities and
vibrational spectra are addressed by invoking phonon
localization [21–23].
Unfortunately, these observables typically encompass a

broad range of processes averaged over macroscopic
regions. This makes their use in understanding how
localization affects material response and recovery to
ionizing radiation a challenge due to the nascent action
of ionizing species in matter occurring on ultrafast and
nanoscopic spatiotemporal scales. To overcome this chal-
lenge we track recovery time (free carrier lifetime), τc, in
bulk and nanostructured SiO2 irradiated by ps pulses of x
rays and protons. As they transfer their energy, these
ionizing species generate electron spectra with distinctly
different average energies that, as a result, interrogate the
material response over distinctly different nm length scales.
This duality provides a unique tool with which to study
how localization of vibrational modes impacts τc and,
ultimately, represents a test of how changing complexity on
the nanoscale affects macroscopic response.
When a relativistically intense laser pulse (>1018 Wcm−2)

is incident at an oblique angle (30°–45°) onto a μm-scale
thick metal foil target, electrons from the front surface
are driven through the foil by the strong electric field of
the driving laser. This provides the basis for two highly
synchronous ultrafast bursts of radiation from a single
high-power laser pulse—a bright broadband pulse of
Bremsstrahlung x-ray radiation and burst of protons via the
target normal sheath acceleration (TNSA) mechanism [24].
WhileBremsstrahlung from lasermatter interactions is awell-
established source of> 10 keV x rays with ps scale duration,
only recently have experiments verified that TNSA pulse
durations as short as ∼3 ps are possible from the same
interactions [25]. Monte Carlo modeling performed using

Geant4 [26] shows that protons (≤ 10 MeV) generate dense
nanotracks of ionization with average electron energy,
Eav, < 100 eV. Conversely, x rays (> 10 keV, < 100 keV)
undergo multiple high momentum transfer scattering events
that homogenize the initial dose distribution and result in Eav
on the order of 25 keV (see Supplemental Material [27]). The
experimental setup is shown in Fig. 1(a). It shows how single-
shot optical streaking was performed using the laser-driven
accelerator at the TARANIS facility in Queen’s University
Belfast [25,36] (see Appendix A) to track τc following the
interaction of these ps-scale pulses in bulk and nanostructured
SiO2 with a range of average densities ρav [see Figs. 1(b) and
1(c)]. Silica aerogels [37–43] were used composed of a
nanostructured matrix of solid density SiO2 nanoparticles
with an average size of a ¼ 3� 1 nm and tuneable average
pore size [see Fig. 1(d)]. These nanostructured media can
be described as a percolating fractal network across spatial
scales lF up to an acoustic correlation length ξac (where
a < lF < ξac½Å�) [40–42] that can be estimated as 8.3 ×

106 × ρ−1.84
av½kg·m−3� [43] (see Appendix B). In SiO2, longitudinal

optical (LO) phonon emission [44] and polaronic stopping
(POL) [45,46] represent the primary mechanisms of energy
loss for electrons with average energies (Eav) within the
subexcitation range in SiO2. As such, aerogels provide control
over heterogeneity on spatial scales relevant for scattering of
subexcitation energy electrons from LO phonons (λLO) in
SiO2 [44].
Optical streaks obtained for x rays followed by slower

protons interacting in bulk and a range of nanostructured
SiO2 samples are shown in Figs. 1(b) and 1(c). These
materials and densities straddle the transition expected for
fractal behavior in nanostructured SiO2 [43]. As can be
seen there is a sharp increase in τc for both the x rays and
protons interacting in the 0.26 g cm−3 aerogel sample.
Based on the simplistic τc ∝ ρ−1av scaling, one would expect
a moderate < 3 times increase in τc. Instead, we observe
factors of 50–70 times longer in τc for both x rays and
protons interacting in aerogel.
Figure 2 shows dependence of the recovery time on

average density (τc ∝ ρ−1av ), which reveals a sharp disconti-
nuity in the scaling for both protons and x rays. As the
material structure changes from root mean square (rms)
pore size < 5 nm to rms pore size > 10 nm [Fig. 1(d)], the
ultrafast response in SiO2 due to self-trapped exciton
formation (STE) [47] is observed to quench, with τc < ps
growing to τc > 50 ps (see Appendix C). Importantly, this
switching is observed for recovery due to irradiation from
both x rays (generating secondary electrons with Eav that
stop on length scales ≫ ξac) and protons (generating
secondary electrons with Eav that stop on length scales
of a to lf). As mentioned, Eav for electrons due to 10 MeV
proton stopping in SiO2 is on the order tens of eV. In Fig. 4
(based on [44]), λ for these electrons in bulk SiO2 is
< 3 nm. The implication is that the dose due to 10 MeV
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proton stopping directly interrogates the nanoscopic hetero-
geneity in aerogel, which is at bulk density. In contrast, Eav
due to a bremsstrahlung source with a 50 keV temp is tens
of keV. For these electrons in bulk SiO2 λ is > 100 nm and
considerably larger in the lower density samples (blue line
in Fig. 4). This is significantly larger than ξac predicted by
the scaling from [43]. This implies that these electrons
probe the medium over length scales on which homo-
geneous behavior is expected. The interpretation of this is
clear: despite the very different Eav, the nanostructure of the
irradiated medium is dominating the material response and
recovery dynamics on ultrafast time frames.
It is important to note that this does not preclude STE

formation in general. It simply implies that the time taken to
meet the trapping criterion put forward by Martin et al. [48]
is significantly longer than would be expected if the τc ∝
ρ−1av scaling is applied to the result of Audebert et al. [47]
(gray dashed line, Fig. 2). To help interpret these obser-
vations, we implement a energy transfer model [18,19,49]
to track the early stage evolution of the thermal electron
population caused by a single proton stopping in bulk SiO2

and aerogel with ρav ¼ 0.26 g cm−3.

First, we consider the situation where the cross sections
for interactions are independent of structure on the nano-
scale. This is given by the solid traces in Figs. 3(a) and
3(b), with red for bulk and blue for nanostructured SiO2.
Figure 3(a) shows that following a rapid diffusion
phase (< 0.2 ps), there is a clear effect of the nanostructure
in slowing the evolution of electron density, ne, in aerogel
compared to that in bulk SiO2, with neðbulkÞ <
neðaerogelÞ for τ extending to 50 ps. However, for τ >
0.2 ps in both materials, ne is below nExcitone ≈ 1020 cm−3.
This is the maximum free carrier density observed for STE
formation in SiO2 from experiments [50]. Accordingly,
confinement of a near-solid density population of hot
electrons in the nanostructure on its own can be ruled
out as the source of enhanced τc in aerogel as ne is below
nExcitone for both samples. Similarly, Fig. 3(b) reveals a
corresponding increase in the kinetic energy density (Ω) for
the electron population in nanostructured SiO2. This
increase is largely reconciled by the increase in ne when
it is considered over nm length scales. Therefore, for these
conditions, similar Eav is expected for electrons ionized by
protons stopping in both bulk and nanostructured SiO2.

(a) (c) (d)

(b)

FIG. 1. Spatiotemporally resolved ionisation dynamics for picosecond scale pulses of x rays and protons stopping in bulk and
nanostructured SiO2. Sketch (a) shows the experimental setup: (i) the main laser is incident onto a foil target generating a bright
broadband pulse of x-ray radiation and burst of protons via the TNSA mechanism [24]; (ii) a linearly chirped probe synchronized with
the main laser is incident onto a sample; (iii) as the chirped probe passes through the sample, the ionization dynamics due to the radiation
generated by the main laser are encoded temporally in the observed spectrum of the probe. In (b) experimentally obtained optical streak
data for opacity induced in SiO2 with average densities (ρav) 2.66 g cm−3 (bulk) and 0.26 g cm−3 (aerogel) are shown. Plot (c) shows the
background subtracted lineouts for interactions in 2.66 g cm−3 (bulk, blue dots), 0.7 g cm−3 (xerogel, black dots), 0.26 g cm−3 (aerogel,
red dots), and 0.095 g cm−3 (aerogel, green dots) taken from the raw optical streak data [shown in (b)] at the white dashed lines. Data for
each sample is obtained on a single shot with its corresponding resolution shown on each plot. Time is given with respect to the time of
the laser interaction with the foil target. The depths where lineouts are taken are chosen such that the absolute proton pulse duration is at
a constant to allow direct comparison (see Supplemental Material [27]). Scanning electron microscope images for samples of various
densities are shown in (d). The magnification is 33 000 times, and the scale bar of 100 nm is the same for all images.
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This suggests that the trapping criterion of Martin et al. [48]
should not be violated in aerogel for conditions where
ultrafast trapping is observed in the bulk sample. As such,
our initial assumption of constant σ for both bulk and
nanostructured SiO2 fails to explain for the enhanced τc
observed in aerogel.
To reconcile this discrepancy, we test how the nano-

scopic heterogeneity of the aerogel may lead to the
suppression of loss mechanisms for subexcitation energy
electrons. Assuming the cross section for LO phonon
emission (σ−LO) becomes vanishingly small, i.e., λLO → ∞
the picture changes considerably. For τ > 10 ps our model
suggests > 102 times increase in Ω over that expected in
bulk SiO2 [blue dash line, Fig. 3(b)]. This implies that the
requirement for Eav to approach the thermal energy of the
lattice for trapping via excitonic states is no longer met on
timescales extending to tens of ps. It is only when we
impose a restriction on losses through phonon interactions
in nanostructured SiO2 do we see the energy density remain
at levels that would violate trapping criterion of Martin
et al. [48] over extended time frames. To clarify, while the
confinement provided by the nanostructure in the aerogel

samples provides a moderate increase in ne, the dramatic
boost in Ω required to reconcile our observations only
exists under conditions where λLO → ∞.
The assumption that λLO → ∞ in aerogel is supported in

several ways. First, it does not suggest that vibrations cease
to exist in aerogel. The hierarchy of fractons and complex
surface modes of the nanoparticles comprising the aerogel
substructure can play a key role in the carrier dynamics

(a)

(b)

FIG. 3. Hydrodynamic modeling of the hot electron population
evolution. In (a) the evolution of the electron density following
the interaction of a single proton in bulk and aerogel samples
demonstrates a significant increase in electron density over
extended time frames. The corresponding normalized energy
density is shown in (b) (solid red and blue lines in both figures,
respectively), assuming λ ∝ ρ−1av . Conversely, if λLO → ∞ is set
for aerogel the dashed traces are obtained for the calculations. The
figure insets show lattice temperature due to the deposited dose
evolves spatially for bulk and nanostructured SiO2. In both cases,
the maximum lattice temperature is significantly lower than both
melting (> 1700 K) and Debye temperature (470 K) in SiO2. For
more information on hydrodynamic model see Appendix E.

FIG. 2. Dependence of recovery time τc on average density
(ρav). As the nanostructure changes from bulk to percolating
fractal network a distinct discontinuity in the scaling of τc with
respect to ρav is observed. The presence of H2O as a potential
cause for the observed increase in τc is removed by using an
aerogel sample with hydrophobic surface chemistry (red sym-
bols, density 0.1 g cm−3). The green shaded region outlines the
expected boundary between bulk and fractal phenomenology.
The black dashed line shows the expected scaling assuming a
homogenous reduction in ρavðτac ∝ ρ−1av Þ and is based on the
experimentally observed τmin ¼ 0.15 ps for ρav ¼ 2.66 g cm−3

from Audebert et al. [47]. The gray shaded region is the minimum
resolution for the optical streaking performed here
(0.33� 0.05 ps).
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postirradiation [37–40,51]. However, when it is considered
that electrons with Eav < 0.9 eV (electron affinity in SiO2)
[45] are essentially confined in the nanoscopic network
[i.e., Fig. 3(a)] this can lead to a nonequilibrium phonon
distribution due to a locally enhanced ne. For these
conditions the cross section for absorption of optical
phonons (σþLO) approaches σ

−
LO approximating to λLO → ∞

(hot phonon bottleneck) [52]. Second, LO phonons decay
into two acoustic phonons on 1 ps timescales [53]. While
long-wavelength acoustic modes (> ξac) can still propagate
in aerogel, albeit at considerably reduced velocity to their
bulk counterparts [42], recent work has begun to question
the relative stopping powers for optical and short-wave-
length acoustic phonons in bulk materials [54]. In aerogel
these short wavelength acoustic modes will manifest as
fractons with short localization length for lF (< ξac). This
implies a significantly reduced spatial overlap with free
carriers in aerogel over bulk, subsequently reducing the
probability of energy loss [12]. Finally, it is also important
to recognize the significance of the quasi-infinite periodic
lattice assumed in the PGM. As outlined earlier, the
periodicity of the lattice spontaneously breaks the
Galilean symmetries of free space leading to the emergence
of Higgs and Goldstone modes, or optical and acoustic
phonons respectively [2]. Conversely, the nanoscopic self-
similarity of fractal networks implies that these systems do
not possess the long-range translational symmetry of a
crystal lattice, i.e., the assumption of quasi-infinite perio-
dicity is invalid. In this sense, Galilean symmetries are not
spontaneously broken in self-similar or fractal materials as
they are not translationally invariant [39,40] and the
assumption that λLO → ∞ in aerogels can be grounded
in basic symmetry arguments. Although the modeling in
Fig. 3 provides a possible insight into the excited electron
population dynamics over short distances, the rigorous
analysis required to fully interrogate recombination and
trapping dynamics for the excited electron population in a
numerical framework for this phase is beyond the scope of
the work here [55]. See Supplemental Material for more
detail on this [27].
In conclusion, this work further supports the idea that the

fundamental nature of atomic scale vibrations, and what
may be termed coherent phonon modes, must be consid-
ered carefully in the context of disordered and nanostruc-
tured materials. Our work shows that this is particularly
relevant for understanding the evolution of deposited
energy due to ionizing radiation in such media. The
observation of a sharp discontinuity in the scaling of τc
for a heterogeneous reduction in ρav demonstrates that the
efficient mechanisms for ultrafast relaxation of subexcita-
tion energy electrons via LO phonon emission is not
dominant in aerogels over length scales where both
strongly localized (lf < ξac) and delocalized (L > ξac)
phonon modes are expected. These length scales are probed
by primary electrons due to proton and x-ray stopping,

respectively. This leads to the conclusion that ultrafast
decay of free carriers in SiO2 emerges as the nanoscale
structure of the material is modified to that of a nonfractal
medium with long-range (> 5 nm) periodic lattice.
Furthermore, this work demonstrates how the multispecies
capabilities of laser-driven accelerators can provide a
platform for future investigations on the role of anomalous
diffusion on fractal networks and in disordered systems in
real time. It also provides the potential for highly synchron-
ized harmonic probe beams with attosecond resolution [56]
for investigating the fundamental nature of energy loss via
electron-phonon interactions (i.e., LO versus acoustic
modes) [54] in irradiated materials on the primary excita-
tion timescales.
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Appendix A: Ultrafast sources on TARANIS and
single-shot optical streaking—Ultrafast laser-driven
x-ray and proton sources are generated on TARANIS
via interaction of a 1053 nm, 800 fs laser pulse
(2� 1 × 1019 Wcm−2, contrast ∼10−7, ∼2 ns before
main pulse) at 30° onto a 12 μm thick Al foil. This drives
fast electrons through the foil, generating a broadband
Bremsstrahlung x-ray pulse from 10–100 keV, and upon
exit at the rear surface, creates the conditions for ion
acceleration via TNSA. The TNSA spectrum is a
broadband Maxwellian pulse with tuneable cutoff energy
[24,57]. The characteristics of the TNSA source produced
by TARANIS are reported in [36]. Ionizing radiation is
masked by a 500 μm wide slit incident normal to front
surface of samples. The interaction is probed by a
chirped pulse (200 ps–1.4 ns, 1053 nm), imaged with a
0.75 m imaging spectrometer for streak resolution (δ) of
0.33� 0.05 ps to 1.69� 0.25 ps (gray shaded region,
Fig. 2). The decay constant τc is defined as the time
taken for the opacity to recover to 1=e of its initial value.
This was measured from traces using a weighted least
squares fitting to the data and was carried out for
different background subtractions. The total uncertainty
on τc includes time of flight and background subtraction
uncertainties. The spatial resolution is chosen in the range
2–20 μm depending on sample density and estimated
proton energy.

Appendix B: Aerogels and anomalous diffusion—
Silica aerogels consist of a porous network composed of
individual silica nanoparticles that can be described as a
mass fractal over lengths lF, where a < lF < ξac. Unlike
Euclidean (vector) space where dimension is always an
integer, for fractals the dimension can be noninteger. Two
important dimensions underpin the fractal pheno-
menology on these spatial scales. First, the Hausdorff, or
fractal, dimension (D) describes how the geometrical
distribution of the static structure scales with length. For
aerogels D ¼ 1.8 to 2.4 depending on the catalysis
conditions. Second, the spectral, or fracton, dimension ( ¯̄d)
describes the dynamic behavior of the mass fractal.
Theoretically [12] ¯̄d ¼ 4=3 and has been found to be
∼1.3 in experiments [43]. From these the exponent for
anomalous diffusion is obtained from dw ¼ 2D= ¯̄d
[40,41]. Therefore, in aerogels the inequality 2=dw < 1
always holds, implying significantly slower, or
anomalous, diffusion is to be expected across the fractal
network for spatial scales < ξac.

Appendix C: Self-trapped exciton (STE) states in
SiO2—Trapping in STE states in bulk SiO2 has been
studied for irradiation with optical [47], x rays [58], and

with protons [25], verifying the ultrafast decay pathway
(τc < 0.45 ps) is available to all species provided energy
density is sufficiently low. Experiments using a focusing
beam of optical radiation have placed a threshold
nExitone ∼ 1020 cm−3 on the excited electron density for
this pathway to dominate [50]. That work demonstrated
as the fluence approaches the damage threshold in SiO2

the vibrational amplitude on the lattice due to low
viscosity modes is significantly greater than the lattice
deformation required for STE trapping. Furthermore,
these anharmonic lattice vibrations damp the phonon
modes essential for electronic energy loss. Thus,
ultrafast trapping in STE states is not possible for high
density excitations. For lower excitation densities, where
trapping is feasible, Martin et al. [48] established a strict
criterion for STE formation: The electron must be within
a distance R of the trapping site, where the Coulomb
energy becomes greater than the thermal energy of the
lattice. Therefore an electron with energy ∼1 eV ≫
3
2
kBT requires R < 0.5 nm for trapping to be considered

possible while for ∼0.04 eV this increases to
∼10 nm (T ¼ 300 K).

Appendix D: Mean free path in SiO2—In SiO2

(∼300 K) electrons excited into the conduction band by
incident radiation initially lose energy rapidly via an
impact ionisation cascade (e-e interaction) [59]. As the
average electron energy (Eav) reduces to 10–20 eV, or
subexcitation energies in SiO2, scattering via quantized
LO phonon emission [44] and continuous losses due to
the reorientation of dipole molecules in the SiO2 lattice
or Deybe losses [45,46] start to dominate the stopping
function. The resulting inelastic mean free path for
electrons (λIMFP) is then given by Matheissen’s rule ,

1

λIMFP
¼ 1

λII
þ 1

λLO
þ 1

λPOL
ðD1Þ

where, λII, λLO, and λPOL are the mean free paths relating
to impact ionization [59], LO phonon emission [44], and
polaronic stopping [45,46], respectively. Fischetti [60]
also showed how scattering from acoustic phonons is
integral to this interaction. The well established result for
λIMFP in bulk SiO2 (density ρ ¼ 2.66 g cm−3) is given by
the solid gray line in Fig. 4. Overall, this cascade enables
the electron energy to approach the thermal energy of the
lattice on ∼0.1 ps timescales, with modeling [58]
showing that this holds true for initial Eav extending to
> 10 keV. This rapid equilibration [48] then permits the
formation of STE states resulting in an ultrafast carrier
lifetime of τmin ∼ 0.15 ps [47].
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Appendix E: Hydrodynamic model—The thermal spike
model describes a four-step process where incident ions
transfer energy to target electrons, which is then shared
among electrons, transferred to the lattice, and finally
dissipated among atoms, resulting in an energy spike
along the ion trajectory. The relaxation of the electron-
hole plasma created around a proton track was modeled
using a version of the semiconductor hydrodynamic
model outlined in Klaumünzer [18]. For bulk SiO2 we
assume that within 10 fs the electron-hole plasma energy
is distributed in a 5 nm wide Gaussian around the
proton track, with the carriers having reached local
thermal equilibrium. The equations of the hydrodynamic
model were then solved from this initial condition using
FEniCS [61]. Bulk simulations were performed on a
100 nm cube of density 2.66 g cm−3. For simulations on
this timescale, trapping mechanisms have not been
considered. For the aerogel simulations, a structure was
created using the hierarchical cluster model described
by Morales-Flórez et al. [62,63]. The resulting 100 nm
cube of aerogel had density 0.26 g cm−3 and was
meshed using a 3D finite element mesh generator, Gmsh
[64]. Both aerogel and bulk simulations used the
physical properties of bulk silica, i.e., band gap, thermal
conductivity (see [27]).

FIG. 4. Mean free paths for homogeneous density variation of
SiO2. The solid gray and blue lines show the mean free path λρavIMFP
for electrons interacting in bulk density SiO2 with ρav ¼
2.66 g cm−3 and ρav ¼ 0.26 g cm−3, respectively, assuming cross
section σ independent of n for all interactions. Here, it is assumed
that λIMFP ∝ ρ−1av . Each λρavIMFP is composed of the three main
inelastic scattering mechanisms outlined in Eq. (D1). While
impact ionization (λII, shown for ρav ¼ 0.26 g cm−3) is dominant
for Eav > 40 eV, LO phonon scattering (λLO) and polaronic
trapping [45] (λPOL ∝ eEavγ , with γ ¼ 0.085 eV−1 [46], shown for
ρav ¼ 0.26 g cm−3) become increasingly relevant for lower elec-
tron energies. The horizontal dashed line shows the mean
nanoparticle diameter in the aerogel samples.

PHYSICAL REVIEW LETTERS 133, 135001 (2024)

135001-8


