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Abstract
A scheme has been developed permitting the spatial and temporal characterisation of ultrafast
dynamics induced by laser driven proton bursts in transparent dielectrics. Advantage is taken of
the high degree of synchronicity between the proton bursts generated during laser-foil target
interactions and the probing laser to provide the basis for streaking of the dynamics. Relaxation
times of electrons (<10−12 s) are measured following swift excitation across the optical band gap
for various glass samples. A temporal resolution of <500 fs is achieved demonstrating that these
ultrafast dynamics can be characterized on a single-shot basis.
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(Some figures may appear in colour only in the online journal)

Introduction

Experimental studies of ultrafast (<10−12 s) atomic dynamics
have become a reality [1] since the advent of high power,
ultrashort laser systems [2, 3]. The ability to induce, tune and
resolve dynamics on this time-scale has opened avenues of
experimental research into regimes of nonlinear and relati-
vistic optics [4–9]. To date, these have primarily focused on
the use of ultrashort bursts of x-rays and electrons. However,
following the demonstration of the generation of MeV proton
beams via laser driven ion acceleration (LDIA) [10–17],
recent work by Dromey et al [18] and Senje et al [19] has
extended this to include the study of proton induced dynamics
in matter. Beams of this type have unique and desirable
qualities such as their high brightness [20] and ultra low
longitudinal [21] and transverse [22] emittance. A range of
applications have been proposed for these beams including
hadron therapy [23] and fusion via proton-driven fast igni-
tion [24].

Here we discuss a scheme, previously used to deduce
the pulse duration of laser-driven proton bursts [18], which
permits such characterisation by spatially and temporally
overlapping proton bursts with a picosecond optical laser
pulse and mapping the time dependent response of various
samples to the irradiation. This work generalises the scheme
outlined in [18] and details how this technique can be uti-
lised in the study of ion interactions in any transparent di-
electric for a wide range of material response times in either
2D or 1D. While such studies have been demonstrated for a
wide range of radiation induced radiolysis processes
[25–29], time-resolved studies employing proton pulses
have not yet been carried out. Tracking the interaction of
ultrafast ionisation sources in this manner requires high
timing precision between the pump and the probe. Whilst
attempts have been made to study the ultrafast responses via
chemical scavenging techniques, the large concentrations of
scavenger required to provoke such a fast response can
result in high levels of uncertainty [30]. In the work
described here, the versatility of the TARANIS [31] laser
system was utilised to deliver synchronised high energy
pump pulses for proton beam generation and lower energy
pulses to probe the response of various glass samples. These
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beams emanate from the same oscillator resulting in negli-
gible timing jitter within the system.

Proton beam generation from laser interaction with
matter relies on the formation of a hot electron cloud by an
intense (>1018W cm−2) laser incident on a solid target. These
electrons are driven through the target via the ponderomotive
force of the driving laser and set up a strong space charge
field ∼TVm−1 on the rear side with the initially stationary
ions. The resulting electrostatic trap then draws the relativistic
electrons back in the direction of the target, permitting light
ions to be preferentially accelerated into the vacuum. While
other acceleration mechanisms have also been proposed as a
source of LDIA [32, 33], this process, named target normal
sheath acceleration (TNSA) [34], is the most commonly
studied and implemented experimentally. TNSA beams are
characterised by a Maxwellian-like spectrum with a sharp
energy cutoff, depending on the laser intensity [34]. Stopping
of proton beams produced by TNSA in bulk matter is the
method used in this scheme to characterise the ultrafast
sample response. Due to the broadband nature of the TNSA
spectrum, an initially ultrashort proton pulse will be tempo-
rally stretched as it propagates in vacuum as a result of
velocity dispersion. The intrinsic ultrashort pulse duration
will, however, remain embedded in narrow energy slices of
the spectrum and can be deduced from time of flight con-
siderations of ions and the stopping power of the material
under investigation [18].

The linear energy transfer (LET) of the protons as they
propagate through the sample results in an energy spread
proportional to depth along the propagation direction. The
main distinction from the near homogeneous electron or
photon irradiation is the production of nanometre (nm) wide
ionisation tracks with steep energy density gradients as the
protons lose their energy to valence band electrons [35, 36].
Track formation and excitation of valence band electrons to
the conduction band occurs on timescales of attoseconds
10−18 s. Subsequent diffusion of the electrons homogenises
the energy distribution over micrometre scale distances,
leading to the existence of long lived (>10−12 s) excited
states. Probing the sample with 1 eV optical radiation during
the interaction allows the electrons to take part in free–free
absorption of the radiation [25] resulting in a reduced trans-
mission of the probe. We define this mechanism as ion
induced opacity. Relaxation to the valence band and the
consequent end of the opacity is dependent on the crystalline
structure and molecular composition of the samples. Syn-
chronising the proton and probe pulses allowed for mea-
surements of this relaxation time, tr. Ionisation dynamics of
different glass compounds were investigated by observation
of the ion induced opacity. Tracking the response of matter to
proton radiolysis generated by LDIA is crucial for potential
applications to understand the dynamics on ultrafast
timescales.

It is this mechanism which we employ to produce a
generalised scheme which permits time resolved dynamics of
the interaction. An outline of this is presented in figure 1. The
TARANIS laser [31] (see Methods) was used to deliver high

energy pulses to a flat foil target with a thickness of 12 μm for
ion acceleration, whilst a lower energy probe was passed
through various glass samples placed 5 mm from the Al
target. Typical proton energies were first measured using
radiochromic film (RCF) stacks and yielded a maximum
energy of 10±0.5 MeV. A 50 μm Al foil was placed on the
front side of the sample to filter transmitted laser light and
low energy electrons. Control of the relative delay between
the pump and probe pulses was achieved by use of a delay
line which had a range of ±4 ns. After transmission through
the sample, the probe beam could either be imaged straight
onto a CCD or directed into a 1 m imaging spectrometer.
Use of the former technique was applied only to transform
limited (TL) probe pulses and is essentially a 2D snapshot of
the interaction as in figure 2. While such a representation can
be extremely useful to determine the proton diffusion at a
specific instant, each of the samples exhibits a time-varying
response dependent upon the crystalline structure which can
exceed the length of the TL pulse. A full temporal depiction
of the dynamics using this method could only be achieved
by taking a series of 2D shots at incremental relative delays.
While this is possible in principle, shot-to-shot variations in
proton yield and energy restrict the accuracy of the results.
This was addressed through the use of an optical streaking
technique [37, 38], whereby adjusting the grating separation
in the probe line compressor introduced a chirp, increasing
the pulse duration. As the pulse is now stretched in time,
each frequency will encounter a different level of opacity
within the sample, thereby revealing the full temporal
evolution of the material via frequency encoding of the
opacity across the spectral range of the probe pulse.
Adjusting the delay between the beams to compensate for
this altering pulse length is necessary to ensure continued
high degree of synchronisation between the pump and probe
pulses.

Methods

TARANIS laser system

TARANIS is a hybrid Ti:Sapphire-Nd:glass laser system
installed at Queen’s University Belfast. The main beam has a
FWHM pulse duration of 800 fs and delivers a maximum
energy of 10 J onto a 12 μm thick Al target with a focal
FWHM spot size of ∼5 μm correlating to intensities of
5×1018W cm−2. A lower energy probe pulse is picked off
after the initial pre-amplification stage and compressed
separately. The pulse duration can be controlled by changing
the compressor grating separation,ΔL (see figure 1), allowing
for flexibility with regards to the temporal window over
which one can probe the dynamics. Proton beams are pro-
duced by the TNSA mechanism with maximum energy yields
typically in the region of 10±0.5MeV. Energies were
measured by stacks of RCF placed directly behind the Al
target. To distinguish between protons and slower, co-
propagating keV electrons, a 50 μm thick piece of aluminium
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foil was placed directly in front of the sample to prevent the
propagation of these electrons into the glass.

Wigner distributions (WDs)

The theoretical basis for the method of optical streaking can
be understood by treating the electric field of the probe pulse
in both the temporal and spectral domains simultaneously.
WDs [39] are the simplest and most concise form of joint
temporal and spectral representation, yielding information
about the fractional field energy at any given time or for any
given frequency component. For an electric field in the time
domain E(t), the WD is defined by
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where E w˜( ) is the Fourier transform of E(t). This expression
allows for a mapping of the distribution of all frequency
components as the pulse evolves over time. Such a repre-
sentation is particularly important in the case of a chirped
pulse where the group-delay dispersion (GDD) acts to
aberrate the pulse from its TL duration, thereby staggering
individual frequency components in time. For a chirped
pulse initially of femtosecond duration with an electric field

given by
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where T T 2 ln 2G P0 = , TP is the FWHM of the TL pulse
and β is the GDD term, an intensity normalised WD function
was derived by Hong et al [40] and is given by
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This expression was utilised to calculate the frequency
distribution of a TL 470 fs pulse with a spectral bandwidth
of 5.4 nm centred at 1053 nm, the results of which are pre-
sented in 3(a). No third order dispersion contributions are
considered. When the grating separation in the compressor is
increased by an amount ΔL, the GDD of the probe pulse
increases yielding a longer pulse duration. The WD for a
FWHM duration of 200 ps is presented in 3(b). As the fre-
quency components of the pulse are spread over a greater
temporal window the intensity distribution of the pulse
narrows. Inducing such a chirp does not however sacrifice
the temporal resolution of the TL pulse, as reported by Polli
et al [38]. Therefore, for each of the pulse durations used in
this scheme, the TL pulse duration of 470 fs is preserved for
a given frequency. This is verified by figure 3(c). Taking a
lineout across the central frequency (or indeed across any of
the frequency components) reveals the embedded TL dura-
tion which is the limit of resolution for the scheme.

Figure 1. Schematic of the experiment. Experimental layout (not to scale). Both pump and probe pulses emanate from the same oscillator and
are spatially and temporally synchronised in the interaction region. The lower energy probe beam is compressed separately whilst the pump
undergoes further stages of amplification. The probe can be stretched by increasing the group delay dispersion of the pulse by changing the
grating separation, ΔL. The lower limit pulse duration is the case when ΔL=0 corresponding to a transform limited duration of 470 fs with
an upper limit of 1 ns obtained by bypassing the compressor. Although it is possible to utilise any pulse duration within this 1 ns range, for
the results presented in this paper only durations of 470 fs, 50 ps, 200 ps and 1 ns are considered. A delay line is used to ensure the required
delay between the beams. Ultrashort proton pulses are generated by the high energy laser pulse incident on a 10 μm Al foil placed 5 mm from
the sample. A collimating slit and spectral filter are used to block keV electrons, x-rays and off-axis high energy protons (not pictured). After
transmission through the sample, the probe beam can be imaged straight onto a CCD or using a grating spectrometer.
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Results

Extending the temporal window

Initial probing of the samples using the fully compressed
470 fs probe provided a snapshot of the opacity within the

sample as shown in figure 2 for borosilicate glass. Protons are
incident upon the sample from the right side and are colli-
mated to a width of 100 μm using an Al slit. Beyond this is
the region of interest where the interaction between the ions
and the sample takes place. With recombination times
expected to be on the order of 100 s of ps [26], these

Figure 2. 2D snapshot with 470 fs integration time of ion induced opacity in BK7 glass. (a) is the case where no proton beam was incident on
the sample and only the probe was passed through, corresponding to full transmission. The blue area on the right side of the image is the
collimating slit placed before the sample. (b) is a snapshot of the damage induced by a proton beam at a time of 175 ps after the arrival of the
main pulse at the surface of the Al target, T0. The proton beam is incident from the right hand side.

Figure 3. Normalised Wigner distributions. Transform limited probe pulse, (a), and for the case of a chirped pulse, (b), with FWHM pulse
durations of 470 fs and 200 ps respectively. Inset of (b) is an enlarged image of the distribution around the central frequency (ω0) detailing the
intensity distribution. (c) is a spectral slice through (b) taken at ω0 showing a FWHM pulse duration of 470 fs. This verifies that the ultimate
temporal limit of resolution is the TL duration and that it is preserved for a chirped pulse at any given frequency component.
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snapshots reveal the spatial diffusion of the ion beam at a
specific instant and can capture the recovery with a number of
subsequent shots at increasing delays. As mentioned pre-
viously, this technique is limited by shot-to-shot proton flux
and energy fluctuations. By chirping the probe and using an
imaging spectrometer, the complete temporal evolution of the
sample dynamics can be resolved on a single shot basis, the
added flexibility of this technique enables the observation of
various material responses through the use of different probe
pulse durations. Bypassing the probe compressor entirely
permitted a 1 ns temporal window which enabled observation
of long-lived responses, such as that of soda-lime glass shown
in figure 4. Not shown is the contribution to the signal from
protons with energies less than 5MeV which have shorter
penetration depths and the arrival of prompt relativistic x-ray/
electron radiation, which is expected tens of picoseconds after
the laser-target interaction. Therefore the delayed signal can
only be due to energetic protons, as any lower energy elec-
trons are removed by the aluminium foil. Arrival of the ion
front and excitation of the electrons to the conduction band
occurs rapidly, on the order of 10 ps. This feature is evident in
figure 4(a) as the transmission sharply decreases to its mini-
mum level. The transient opacity and consequent recovery of
the sample to equilibrium is then recorded in this 1 ns win-
dow. Higher energy protons induce lower levels of opacity
with a more rapid recovery to full transmission than signal
due to lower energy contributions. This can be understood by
considering the variation in the level of proton flux with
energy. Due to the energy dependent stopping dynamics in

the glass sample, it is possible to calculate the propagation
depths for specific energy components and analyse the indi-
vidual recombination times. In figure 4(b) the interaction at
depths of 250 and 630 μm is presented. Opacity induced by
protons of lower energy is maintained for longer due to a
higher density of electrons occupying the conduction band,
whilst a lower flux of protons at the highest energies means
more rapid relaxation times.

Sample dependent response

By utilising samples of different crystalline structure and che-
mical composition, the differences in the lifetime of conduction
band electrons could be established. Silicon dioxide (SiO2) is
another form of glass commonly used in laser line optic arrays
with a higher damage threshold than that of soda-lime silica.
Previous excitation studies on SiO2 have observed a much more
rapid response than that of the soda-lime glass. A mean free
lifetime of the electrons on the order of 150 fs [25] has been
previously proposed meaning much swifter recovery times.

Figure 5 shows the response of the sample over a 200 ps
window at an energy of 8 MeV (see blue feature in insert).
The onset of the opacity and recovery to full transmission
lasts around 10 ps. This rapid response is two orders of
magnitude quicker than the response observed in soda-lime
glass. Once in the conduction band of SiO2, the electrons
quickly form self-trapped excitons (STEs) [41] which offer a
route for swifter relaxation to the valence band. Whilst out-
side the scope of this letter, the difference between the
response times can be understood in terms of the detailed

Figure 4. Optical streaking of ion induced opacity in Soda-lime glass. (a) Raw image of Soda-lime glass with a 1 ns probe beam. The arrival
of the ion front occurs at a time of around 150 ps. Higher energy protons penetrate further into the sample as a result of lower LET and higher
initial energy. The more abundant lower energy protons <5 MeV induce greater levels of opacity than that of the higher energy protons. The
recovery to full transmission for the entire spectral range is also not evident before the end of the temporal window. By analysis of the depth
of penetration and the temporal response, this method reveals the spatio-temporal information concurrently and details the entire interaction.
(b) Lineouts taken for the entire temporal window corresponding to the stopping range for protons with initial energies of ∼5 and ∼10 MeV.
Dots represent raw data points. Penetration depths for different proton energies estimated via SRIM calculations [42].
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composition of the two. SiO2 is a highly pure form of glass
whereas soda-lime silica is a multi-component glass where
interstitial states between the conduction and valence bands of
soda-lime slow the recombination of the electrons. STEs
provide a pathway for swift recombination in SiO2, hence the
difference in recovery times.

For the rapid response that SiO2 exhibits, utilising a shorter
probe beam would increase the resolution of the measurement.
A shorter duration probe ensures a higher resolution as a given
pulse duration will span a greater range of frequencies in the
images retrieved by the spectrometer. A full description of the
resolution of this system is presented in the Methods section
and figure 3. The red line in figure 5 illustrates the response of
SiO2 over a 50 ps window. Optical streaking over this window
increases the resolution by a factor of four. Analysis of the
highest energy protons (∼10MeV reveals a recovery time of
3.5±0.7 ps meaning that even with a 200 ps probe pulse, we
are still able to resolve the recovery of the sample from energy
deposition of the highest energy protons. Measurements with
the 50 ps pulse reveals the same main aspects of the material
behaviour whilst giving a more sensitive temporal depiction of
the interaction. Implementing a system whereby the probe beam
can be altered to better resolve the dynamics from shot-to-shot
is therefore of the utmost importance when investigating mul-
tiple samples with varying response times. The ability to do this
with a fully synchronised proton pulse enables highly detailed
temporal resolution for samples with even faster responses.

Discussion

Presented in this letter is a robust scheme of tracking ion
damage in materials from high-energy, ultrashort ion pulses
with picosecond laser pulses. Excitation of electrons across
the 1 eV optical band gap of soda-lime silica and SiO2 was
observed and the subsequent recovery times were measured.

The optical streaking process outlined has been shown as a
means of resolving the dynamics in the sample over a range
of sub-nanosecond temporal windows. This method is not
limited to the dynamics induced by laser driven protons.
Investigations of the effects on materials from other ions
generated by high intensity laser interactions is also possible
using this scheme. Utilisation of ultra-broadband probe pulses
would allow for even greater temporal resolution of the ion
induced dynamics. Although the materials detailed here are
solely glass compounds, the extension of this method to
observe the ultrafast response and consequent ion induced
damage in a wide range of materials. Unlocking the effects of
ion induced damage is key to implementing LDIA as a source
of cancer therapy. Tracking the ultrafast dynamics in water is
particularly crucial due to the high content of water in the
human molecular composition as preventing damage to
healthy cells surrounding cancerous tumours is a top priority
for cancer treatments involving high energy radiation. Time-
resolved studies of ultrafast proton induced processes such as
the one presented here are an important step in understanding
the dynamics of the earliest stages of this interaction. The
flexibility of this scheme in terms of ease of setup and range
of temporal resolution highlight its relevancy to this goal and
by further application and testing the fundamental processes
relevant to proton therapy can be directly studied.
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