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For high-intensity laser-solid interactions, the absolute density and surface density gradients of the
target at the arrival of the ultrarelativistic laser peak are critical parameters. Accurate modeling of the
leading edge-driven target preexpansion is desired to strengthen the predictive power of associated com-
puter simulations. The transition from an initial solid state to a plasma state, i.e., the breakdown of the
solid, defines the starting point of the subsequent target preexpansion. In this work, we report on the time-
resolved observation of transient laser-induced breakdown (LIB) during the leading edge of high-intensity
petawatt-class laser pulses with peak intensities of up to 5.7 × 1021 W/cm2 in interaction with dielectric
cryogenic hydrogen jet targets. LIB occurs much earlier than what is typically expected following the con-
cept of barrier suppression ionization. The observation is explained by comparing a characterization study
of target-specific LIB thresholds with laser contrast measurements. The results demonstrate the relevance
of the laser pulse duration dependence of LIB for high-intensity laser-solid interactions. We provide an
effective approach to determine the onset of LIB and thereby the starting point of target preexpansion in
other laser-target systems.

DOI: 10.1103/PhysRevApplied.19.014070

I. INTRODUCTION

High-intensity laser-solid interactions are used in a vari-
ety of applications such as fast ignition for inertial con-
finement fusion [1,2], plasma-based particle accelerators
[3], warm dense matter research [4–7], time-resolved stud-
ies of transient fields [8,9], and translational research for
radiation oncology [10,11]. Control over the amount of
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light that precedes the high-intensity laser pulse (temporal
“leading edge”) is of particular importance, e.g., for reach-
ing high particle energies in laser-ion acceleration [12–14].
Great progress has been made to improve the contrast
ratio between the pulse leading edge and the peak inten-
sity (“laser contrast”) of available terawatt and petawatt
systems [15] by dedicated adaptation of the laser technol-
ogy [16], second-harmonic generation of the compressed
high-power laser beam [17] and the implementation of
plasma mirrors [18,19], accompanied by the development
of specialized optical measurement devices [20–24]. Still,
quantitative agreement between the results of experiments
and simulations of high-intensity laser-solid interactions is
rare. The consistent simulation of all parts of the interac-
tion, starting with the solid-state structure of the initially
cold target, through the ionization process with the phase
transition to the plasma state and the regimes of collisional
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and resonance laser absorption, to the collisionless rela-
tivistic regime, i.e., a complete “start-to-end simulation,”
is challenging in several aspects. At low laser intensity, the
interaction is governed by the energy scales of the solid-
state lattice, while at high intensity the laser fields start
to dominate and particle motion becomes highly kinetic.
For intermediate intensities, collective electronic motion
mediates the energy transfer to the highly collisional par-
ticle system. Today, target preexpansion by the leading
edge is usually treated only in a simplified way, for exam-
ple by adding a plasma scale length on the target front
and rear side as a starting condition of a particle-in-cell
(PIC) simulation of the relativistic laser-target interac-
tion. More ambitious approaches, such as the sequence
of a radiation-hydrodynamics simulation for the subrel-
ativistic intensities in the leading edge followed by a
PIC simulation for the relativistic intensities around the
laser peak [25–27], are rare but essential for predictive
numerical modeling [28]. Interestingly, the highest-energy
laser-accelerated proton beams were measured from tar-
gets made of cryogenic hydrogen or plastic foils [29–32],
all of which are dielectric targets. Start-to-end simulations
of petawatt-class lasers in interaction with dielectric solids
are therefore of particular interest.

The starting point of the numerical treatment, which
means the classification into relevant and negligible laser
intensities, is essential for start-to-end simulations. With
the removal of the lattice bonds, the laser-induced break-
down of the solid constitutes a reasonable onset for a
plasma-hydrodynamics modeling of the target preexpan-
sion by the leading edge. Commonly, this starting point is
estimated using the measured laser contrast and a thresh-
old intensity like the appearance intensity Iapp [33]. The
appearance intensity Iapp corresponds to the critical field of
barrier suppression ionization (BSI threshold) [34]. At this
intensity, the ionization potential of the outermost bound
electron of the target atoms is balanced by the electric field
strength of the laser. A classical treatment gives

Iapp(W/cm2) ≈ 4 × 109 × Eip(eV)4/Z2
eff (1)

with Zeff being the charge state of the atom after ionization
and Eip the ionization potential of the Zeff − 1 charge state,
e.g., tabulated in Ref. [35]. A quantum mechanical treat-
ment yields somewhat higher values of the critical field
[36].

The laser-induced breakdown of solids is an extensively
studied field and the occurrence of different melting mech-
anisms leads to a significant variation of the laser-induced
damage threshold (LIDT) intensity well below the BSI
threshold for varied laser parameters [37]. For metallic
solids, the laser energy is directly absorbed by quasifree
electrons in the conduction band and it is subsequently
transferred to the lattice by collisions. It follows that, for
a broad range of laser parameters, the phase transition

of metals is very similar to classical melting. Dielectric
solids, however, are transparent to the incident laser light
and a single photon is insufficient to bridge the band gap.
They generally exhibit higher LIDT intensities than met-
als. LIDT measurements with femtosecond and picosecond
laser pulses show a significant variation of the threshold
with laser pulse duration, target material, and thickness
[38–40]. Furthermore, not only the laser fluence but also
the specific temporal envelope of the intensity is relevant
[41–44].

The variation of thresholds results from an interplay
of different ionization mechanisms in different intensity
and pulse duration regimes. Barrier suppression ioniza-
tion occurs at intensities above the BSI threshold [36].
Below it and depending on the laser pulse duration, the two
driving mechanisms are strong field ionization, i.e., tunnel
and multiphoton ionization (see Keldysh theory [45,46]),
and avalanche ionization (also called impact ionization)
[37–39]. Avalanche ionization is based on continuous laser
heating of conduction-band electrons that subsequently
ionize valence-band electrons by collisions. By accumula-
tion of laser energy on target, the number of conduction-
band electrons increases nonlinearly (avalanche effect),
with recombination counteracting. In fused silica, which
is a dielectric solid with a large band gap of about 9 eV,
all three ionization mechanisms are relevant for a quanti-
tative agreement of simulations to single-shot LIDT data,
with avalanche ionization becoming predominant at pulse
durations � 50 fs [47,48]. Simulations of macroscopic ion-
ization dynamics are usually based on single-, multiple-,
or dynamic rate equations [47–51] and nowadays provide
quantitative agreement with experimental LIDT results
over a wide range of laser pulse durations.

Because of technical limitations in the amplification
chain [15] of a petawatt-class laser system (e.g., Refs.
[52–55]), the leading edge of an amplified pulse typi-
cally exhibits distinct short-pulse prepulses, a subjacent
continuous pedestal of varying slope, and a steep rising
edge towards the laser peak. To avoid target preexpansion,
the individual segments of a given leading edge can be
compared to target-specific LIDT values. Because LIDT
intensity varies with laser pulse duration, different parts
of the leading edge are expected to trigger breakdown by
exceeding different thresholds [40]. Still, the occurrence of
the effect in an actual high-intensity laser-solid interaction
has yet to be demonstrated.

LIDT values are commonly measured from target frac-
ture, e.g., hole diameter, and represent time-integrated
measurements. For high-intensity laser-solid interactions,
however, the breakdown is a transient effect and accounts
for only a specific part of the overall interaction. In a start-
to-end simulation of a high-intensity laser interaction with
a dielectric target, the transient formation of a quasifree
electron density above the critical plasma density and the
abruptly occurring change of the optical properties [56]
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is the relevant parameter. In the following, we call this
transient formation “transient laser-induced breakdown”
(LIB). LIB can be considered as part of the temporal evo-
lution towards LIDT. In fact, exceeding the critical plasma
density is one of the ways to define LIDT in rate equation
models for simulating dielectric breakdown [39].

In this work, we experimentally show the impact of
the pulse duration dependence of LIB on the onset of
LIB in high-intensity laser-solid interactions and present
a method of how the observations can be utilized for other
laser-target systems.

For demonstration, we use the interaction between
petawatt-class high-contrast laser pulses with peak inten-
sities from 0.6 × 1021 to 5.7 × 1021 W/cm2 and a dielectric
cryogenic hydrogen jet target [57,58]. As hydrogen has
only one bound electron per atom, it is a particularly
basic example for the investigation of ionization effects.
In addition, because the micrometer-sized jet target is eas-
ily accessible and can be diagnosed from different angles,
it is an excellent target test bed to study specific issues of
high-intensity laser-solid interactions in combination with
optical probing diagnostics [59–63]. In particular, time-
resolved off-harmonic optical shadowgraphy [63] is ideally
suited to inspect the occurrence of LIB, because it over-
comes the issue of plasma self-emission and reveals target
areas where LIB occurs as blackened regions within the
otherwise transparent target.

The paper is structured as follows. In Sec. II, we present
the experimental setup and a characterization study of
the target-specific LIB thresholds for different laser pulse
durations. In Sec. III, experimental measurements of LIB
within the leadings edge of an ultrarelativistic laser pulse
interacting with a hydrogen jet target are reported and
related to a measurement of the temporal laser contrast in
Sec. IV. After an outlook on future experiments in Sec. V,
Sec. VI concludes our work.

II. EXPERIMENTAL SETTINGS

A. Setup

The experiment is conducted with the DRACO petawatt
laser [64] at the Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) and the experimental setup is shown in Fig. 1(a).
The DRACO laser (hereafter called “pump laser,” 800 nm
central wavelength, 30 fs pulse duration, 19 J pulse energy,
p-polarized) is focused via an f /2.5 off-axis parabola
(OAP) to a spot size of 2.6 μm full width at half maximum
(FWHM). This results in a peak intensity of 5.7 × 1021

W/cm2, which can be tuned between 10% and 100% by
changing the amplification of the final laser amplifier.
A recollimating single plasma mirror setup is utilized to
achieve high temporal contrast (>10−8 at −2 ps, >10−10

at −10 ps, singular short prepulse with 10−9 at −54 ps;
see Appendix B). A continuously flowing sheet jet of solid

(a)

(b)

FIG. 1. (a) Experimental setup (not to scale): high-intensity
pump laser is focused onto the hydrogen sheet-jet target. Optical
probe pulses enable time-resolved shadowgraphy. (b) Temporal
schematic of the setup, with the probe laser pulse preceding the
pump laser pulse. The specific characteristics of the leading edge
of the high-intensity pump laser are explicitly labeled.

hydrogen [57,58] with 60 μm width serves as a dielec-
tric target with a total electron density of njet

e = 5.2 × 1022

cm−3, hcp and fcc crystal structure [65], and a band gap
of about 10.9 eV [66]. As sketched in Fig. 1(a), the pla-
nar sheetlike part with a thickness of approximately 400
nm is formed between two prominent cylindrical rims. The
experiment is conducted at target rotation angles between
65◦ and 80◦ (target normal to pump laser).

Time-resolved optical shadowgraphy data of the pump
laser-target interaction are recorded by off-harmonic opti-
cal probing using a 515-nm, 160-fs backlighter at 134◦
relative to the pump laser axis [see the top view inset in
Fig. 1(a)]. The spatial resolution limit of the imaging sys-
tem is 1.5 μm and the temporal resolution of time delays
is 175 fs. A pump-probe delay of 0 ps corresponds to
the arrival of the pump laser peak on target and negative
delays represent earlier times. The setup was utilized in
previous experiments and details are available in Ref. [63].
The observable general structures in the recorded shad-
owgraphy images are illustrated in the inset of Fig. 1(a).
A secondary optical probing axis at 69◦ guarantees control
over the target rotation angle for each shot (not shown here
for simplicity).
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Figure 1(b) shows the typical temporal properties of the
leading edge of the pump laser. The peak is preceded by a
steep rising edge and a more shallow picosecond pedestal.
The temporal resolution of a delay scan via shadowgra-
phy allows the pump laser-target interaction to be scanned
especially within the picosecond pedestal region.

B. Pulse duration dependence of LIB

The individual segments of the leading edge of the pump
laser can be characterized by their temporal slope. For
high-intensity lasers with a pulse duration of a few tens
of femtoseconds, such as the DRACO laser, the inten-
sity within the steep rising edge typically increases by an
order of magnitude in less than 100 fs. The intensity in
the picosecond pedestal, however, increases more slowly,
by an order of magnitude in single to tens of picoseconds.
To identify the relevant order of magnitude in intensity for
LIB, we perform a characterization study using reduced
laser peak intensity and laser pulse durations from 29 fs
to 6.3 ps (details in Appendix A). Although none of the
temporal envelopes of the utilized pulses exactly match
individual segments of the leading edge, pulses with tens
to hundreds of femtoseconds duration can approximate the
steep rising edge or singular short prepulses. Pulses of
multiple picoseconds duration with a more super-Gaussian
envelope can approximate the slowly rising picosecond
pedestal.

As the main result of the characterization study, the
intensity and fluence threshold values of LIB, Ith and Fth,
are presented in Fig. 2. For each pulse duration, Ith and Fth
mark the thresholds at which a transiently blackened tar-
get area, i.e., an area undergoing LIB, is observed by using
time-resolved optical shadowgraphy (details in Appendix
A). Thus, the measured thresholds compare particularly
well with the time-resolved measurements at ultrarelativis-
tic peak intensity in the next section. The thresholds show
a high dependence on the FWHM laser pulse duration τ .
Power-law fits to the thresholds of intensity Ith and fluence
Fth (orange lines) yield the scalings

I fit
th (W/cm2) = 8.3 ± 0.5 × 1012 × τ(ps)−0.71±0.03 (2)

and

Ffit
th (J/cm2) = 8.0 ± 0.4 × τ(ps)0.24±0.02. (3)

To estimate the contribution of the different underly-
ing ionization mechanisms, the results are compared below
with the literature on LIDT of fused silica (FS), which
has a band gap (about 9 eV) that almost reaches that of
solid hydrogen (about 10.9 eV). Recently, a dynamical rate
equation model was used to investigate the contribution
of avalanche ionization and strong field ionization to the
scaling of the damage fluence of fused silica FFS

th [τ ] for
pulse durations between 10 fs and 4 ps in Ref. [48]. They

(a)

(b)

FIG. 2. (a) Measured intensity thresholds Ith and (b) fluence
thresholds Fth of LIB of the hydrogen sheet-jet target versus
FWHM laser pulse duration τ (blue dots). The pump laser set-
tings of each measurement are given in Table II in Appendix A.
Power-law fits to the data yield I fit

th ∝ τ−0.71±0.03 [orange line in
(a), Eq. (2)] and Ffit

th ∝ τ 0.24±0.02 [orange line in (b), Eq. (3)]. The
quantum mechanical BSI threshold (black) and the classical BSI
threshold (gray) are given by dashed horizontal lines in (a).

showed that strong field ionization alone yields a too strong
pulse duration scaling of LIDT and that the inclusion of
avalanche ionization is required to support a scaling that
fits the experimental data. Even for pulse durations down
to tens of femtoseconds, the inclusion of avalanche ion-
ization in the rate equation model is necessary to explain
the experimental data quantitatively. The findings are sup-
ported by earlier work at pulse durations between 7 and
300 fs, where it is concluded that avalanche ionization
is predominant at pulse durations >50 fs and increases
in relevance with pulse duration [47]. The pulse duration
scaling of fused silica FFS

th ∝ τ 0.3 [48] is similarly weak as
the scaling we find for LIB of solid hydrogen Ffit

th ∝ τ 0.24.

TABLE I. Measured onset intervals of LIB versus pump laser
peak intensity as adopted from Fig. 3. The pump laser pulse
duration is 30 fs FWHM.

Peak intensity (W/cm2) Onset interval (ps)

0.6 × 1021 [−0.6, −0.4]
1.1 × 1021 [−2.0, −1.2]
2.2 × 1021 [−3.1, −2.5]
5.7 × 1021 [−3.9, −2.7]
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From this and taking into account the comparable band gap
we assume that LIB of solid hydrogen in the presented
pulse duration regime is also due to significant contribu-
tions of avalanche ionization, similar to fused silica. More
quantitative conclusions would require detailed numerical
modeling.

For the laser parameters used in this study, the BSI
threshold can serve as an upper estimate of possible
threshold intensities of LIB. The appearance intensity of
atomic hydrogen I H

app = 1.37 × 1014 W/cm2 (“classical
BSI threshold”) is shown as a gray dashed line in Fig. 2(a).
However, a nonsimplified quantum mechanical treatment
of the hydrogen atom yields a higher critical field of barrier
suppression ionization and a corresponding appearance
intensity of 7.58 × 1014 W/cm2 [“quantum mechanical BSI
threshold,” black dashed line in Fig. 2(a)] [36].

III. RESULTS

A. Shadowgraphy at ultrarelativistic laser peak
intensity

The experiments in the ultrarelativistic regime with peak
intensities between 0.6 × 1021 and 5.7 × 1021 W/cm2 are
conducted with the nominal pump laser settings at 30 fs
FWHM pulse duration, as described in Sec. II A. Time
delay scans of the shadowgraphy diagnostic at four dif-
ferent peak intensities are shown in Fig. 3. For all peak
intensity settings, shadowgrams without and with black-
ened target areas, i.e., areas where the target experiences
dielectric breakdown, are captured. The pump-probe delay
intervals within which LIB occurs (“onset interval of LIB”)
are given in Table I. The upper boundary of the interval
is given by the delay of the earliest shadowgram with an
area of dielectric breakdown and the lower boundary is
given by the closest delay of a shadowgram without such
observation. Note that the width of the onset interval is
mainly limited by the available number of shadowgrams
and their respective pump-probe delay. As illustrated by
the green line and gray shaded background in Fig. 3, we
observe a clear shift of the onset interval of LIB to an
earlier pump-probe delay with increasing peak intensity.

Depending on the intensity setting and the pump-probe
delay, the areas with dielectric breakdown have different
contours and patterns. Generally, with increasing delay, the
spatial extent of the area grows until it fills the whole field
of view (FOV = 100 × 100 μm2) close to zero delay. Up
to a delay of about −0.4 ps, the areas with dielectric break-
down show sharp contours with larger width than height,
exemplified by the shadowgram labeled “α.” For this and
similar shadowgrams, the contour represents the spatial
distribution of light with intensities exceeding the thresh-
old of LIB during the leading edge [67]. The aspect ratio of
width and height of the area corresponds to the projected
shape of the focal spot on the rotated target at a time given
by the pump-probe delay.

FIG. 3. Shadowgraphy images at different pump laser peak
intensities and pump-probe delays (in picoseconds, bottom of
each image). Shadowgrams without dielectric breakdown (white
background) are separated from shadowgrams with dielectric
breakdown (gray background) by the green line.

For pump-probe delays between −0.4 ps and zero, an
additional large-scale contour with spatially varying opac-
ity is observed (e.g., the shadowgram labeled “β”). The
additional contour is most likely caused by relativistic
electrons that are generated when the pump laser intensity
surpasses about 1018 W/cm2 [68]. For the peak intensities

014070-5



CONSTANTIN BERNERT et al. PHYS. REV. APPLIED 19, 014070 (2023)

and laser contrast settings discussed here, this occurs a few
hundred femtoseconds before the pump laser peak reaches
the target [32]. The laser-heated relativistic electrons tra-
verse the target in all directions, induce return currents, and
are known to cause collisional ionization and field ioniza-
tion on a large spatial scale even for much lower pump
laser peak intensities [69]. The spatially varying opacity is
caused by differences in the local conduction-band elec-
tron density close to the critical plasma density of the
probe wavelength n515 nm

c = 4.2 × 1021 cm−3 [56]. In con-
trast, shadowgrams captured very close to or later than
zero delay show a high opacity within the whole FOV,
an area with a diameter about 40 times larger than the
FWHM of the focal spot (e.g., the shadowgram labeled
“γ ”). In the corresponding areas, the amount of quasifree
electrons equals or is above n515 nm

c , i.e., the target expe-
rienced dielectric breakdown and the ionization degree
of the target is above about 8% = n515 nm

c /njet
e . For the

highest as well as for the lowest peak intensity settings,
a secondary shadowgraphy axis with a 1030-nm short-
pulse backlighter shows the high opacity within an area
greater than 390 μm (limited by the FOV). The ioniza-
tion degree of the target within this area is above 2%
accordingly.

B. Comparison to the laser contrast measurement

The comparison of the measured onset intervals of LIB
(Table I) to a laser contrast measurement of the pump laser
leading edge is presented in Fig. 4. The laser contrasts of
the highest (5.7 × 1021 W/cm2) and the lowest (0.6 × 1021

W/cm2) peak intensity settings are given in red and blue,
respectively. The laser contrast is measured with a third-
order autocorrelator and it is scaled to the respective peak
intensity on target (for details, see Appendix B). The steep
rising edge is visible between −0.4 ps and zero, while the
actual temporal shape is smeared out by the temporal reso-
lution of the measurement (about 100 fs). The more slowly
rising picosecond pedestal is shown between −12 ps and
about −1 ps. The relative intensities of the measurement
are commonly used to compare different high-power laser
systems [15].

For the highest peak intensity setting, the measured
onset interval of LIB (red shaded) lies within the picosec-
ond pedestal. Between about −10 ps and about −3 ps
the picosecond pedestal includes a plateau with intensities
fluctuating from about 1011 W/cm2 to about 1012 W/cm2.
The onset interval of LIB is located at the end of the plateau
and no standout signature of intensity is observed during
the interval. In particular, the prepulse at about −2.3 ps is
well separated from the observation of LIB at −2.7 ps. For
the lowest peak intensity setting, the measured onset inter-
val of LIB (blue shaded) is located within the foot of the
steep rising edge.

FIG. 4. Laser contrast measurement of the leading edge nor-
malized to the highest (red) and the lowest (blue) peak intensities
on target versus the respective onset interval of LIB. The quan-
tum mechanical and classical BSI thresholds are given together
with the fitted intensity thresholds of LIB I fit

th [τ ] for four differ-
ent pulse durations τ (horizontal lines). The yellow line gives the
temporal envelope of the laser pulse utilized for the measurement
of Ith[6.3 ps]. The temporal position is chosen for comparability
with the laser contrast in the highest peak intensity setting.

To discuss both settings along with the results of
the characterization study on LIB (Fig. 2), the quan-
tum mechanical and classical BSI threshold intensities
together with values of I fit

th [τ ] for different pulse durations
τ between 0.03 and 30 ps are given as horizontal lines of
different style.

IV. DISCUSSION

In the lowest peak intensity setting, the intersection
points of the laser contrast with the quantum mechanical
BSI threshold, the classical BSI threshold, the threshold
intensity I fit

th [0.03 ps], and I fit
th [0.3 ps] are all located close

to each other between −0.32 ps (quantum mechanical BSI
threshold) and −0.43 ps (I fit

th [0.3 ps]). Within the errorbars,
this whole cluster of intersection points is in agreement
with the experimental observation and the intensities of
the laser contrast suggest a minimum applicable threshold
intensity of 4 × 1012 W/cm2 = I fit

th [2.8 ps]. The agreement
between the shadowgraphy measurement and the inter-
section point of the laser contrast with the classical BSI
threshold demonstrates that the appearance intensity Iapp
can be a convenient estimate to determine the starting point
of LIB in interactions with similar target properties and
similar or lower intensities in the pump laser leading edge.

This changes as the peak intensity is increased by a
factor of 10 to 5.7 × 1021 W/cm2. For the corresponding
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leading edge, the intersection of the laser contrast with
the classical BSI threshold at −0.44 ps overestimates the
starting point of LIB substantially. The same applies to the
intersection with threshold intensities I fit

th [0.3 ps] at −1.14
ps and I fit

th [3 ps] at −2.48 ps. This reveals that, for this
setting, the simple BSI threshold cannot be used as a cri-
terion for estimating the starting point of LIB based on
the laser contrast measurement. Instead, the setting demon-
strates that LIB is reached by accumulation of intensity on
target and not by crossing a certain intensity level. In the
plateau of the picosecond pedestal between −10 and −3
ps, the intensities are close to the thresholds of LIB for
picosecond pulses. Comparing −10 and −3 ps, there is
no significant difference in the intensity level, except for
the amount of temporally “accumulated intensity,” which
corresponds to the fluence. As argued in Sec. II B, the con-
tribution of avalanche ionization to LIB of the target used
here is relevant and most likely increases with pulse dura-
tion. It follows that the described scenario is probably an
illustrative example where avalanche ionization during the
picosecond pedestal of the leading edge contributes to LIB.

To quantitatively compare the results at 5.7 × 1021

W/cm2 peak intensity with the characterization study of
LIB, the temporal pulse envelope of a 6.3-ps pulse as used
in the characterization study is plotted by a yellow line in
Fig. 4. For illustration purposes, the pulse is placed before
the measured onset of LIB. The peak intensity of the pulse
is scaled to Ith[6.3 ps] = (2.4±0.4) × 1012 W/cm2, ensuring
that a similar pulse induces LIB of the target after interac-
tion. The area under the curve corresponds to the threshold
fluence Fth[6.3 ps] = (14±2) J/cm2. An integration of the
laser contrast measurement between −12 and −3 ps yields
a fluence of 2.2 J/cm2 with a highest intensity of 9 × 1011

W/cm2. It follows that the fluence of the laser contrast mea-
surement is a factor of 6 and the maximum intensity is a
factor of 3 lower than the measured thresholds of the 6.3-
ps pulse. The laser contrast before −12 ps shows lower
maximum intensities and fluences (details in Appendix B).

The scaling of laser contrast measurements to abso-
lute intensity, however, has to be considered with caution.
In principle, the pulse shape in the focal spot where the
plasma dynamics are induced could be different from the
laser pulse characteristics measured from the nonfocused
laser beam, e.g., due to spatiotemporal couplings [70]. In
view of this, the presented comparison shows surprisingly
good agreement. To summarize, the LIB at 5.7 × 1021

W/cm2 peak intensity most likely originates from the accu-
mulation of intensity between I fit

th [6 ps] and I fit
th [30 ps] for

a duration of between 6 ps and 30 ps prior to about −3 ps
delay.

The example demonstrates the methodology of how the
onset of LIB can be derived from a laser contrast mea-
surement. The onset of LIB is not triggered by the first
intersection with a certain threshold intensity, but by a
continuous temporal accumulation of intensity at a certain

level for a specific duration. If the accumulated intensity,
i.e., the deposited fluence, reaches the threshold fluence
Fth[τ ] of a comparable pulse duration τ within an order of
magnitude, the subsequent onset of LIB must be expected.

Furthermore, the comparison between the lowest and
the highest peak intensity settings demonstrates the rel-
evance of the pulse duration dependence of LIB to the
starting point of LIB in ultrarelativistic laser-solid inter-
actions. As laser peak intensity increases, the intensities
in the leading edge also increase. The simplified assump-
tion of a fixed intensity threshold of LIB, for example the
classical BSI threshold, would shift the starting point of
LIB only slightly to earlier times, depending on the lead-
ing edge intensity evolution. However, if the slowly rising
picosecond pedestal enters the relevant intensity range of
LIB, the starting point of LIB is actually shifted to earlier
times by a lowering of the applicable threshold intensity.
Figure 2(a) shows that the relevant intensity range varies
significantly with pulse duration, i.e., pedestal duration.

Still, an important prerequisite of such an analysis is
a temporally well-resolved and quantitatively valid laser
contrast measurement. To capture the strong field ion-
ization effects, single femtosecond temporal resolution is
desired especially for short prepulses. The picosecond
pedestal-induced avalanche ionization imposes the mea-
surement of intensities lower than about 1011 W/cm2,
which is a required dynamic range higher than 1011 for cur-
rent petawatt-class laser systems. Considering the intrinsic
leading edge of these laser systems without any tempo-
ral contrast cleaning, a time window of at least 100 ps is
needed.

Several commercial products based on third-order auto-
correlation are available and the development is progress-
ing towards higher dynamic range [22] and operation at
single shot [24,71]. However, an exploration of the limi-
tations of existing technology is desired and the design of
additional techniques like self-referenced spectral interfer-
ometry with extended time excursion (SRSI-ETE) [23,72]
is promising to reliably quantify absolute intensity levels
in the leading edge that are highly relevant to LIB, target
preexpansion, and preheating in high-intensity laser-solid
experiments.

V. OUTLOOK

We demonstrated that the onset of LIB in high-intensity
petawatt-class laser interactions with dielectric targets is
highly sensitive to the leading edge intensity evolution. To
avoid complex ionization dynamics that are prone to small
changes of the leading edge or variations of the local target
properties and to facilitate a well-predictable onset of LIB
in similar experiments, the strong field ionization regime
appears to be favorable. Experimentally, there are two
promising approaches. Commonly, experiments rely on a
steep rising edge towards the laser peak, i.e., a reduction
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of the pedestal height [40]. We propose a complementary
approach, which is the implementation of an artificial fem-
tosecond prepulse with an intensity above a characterized
threshold intensity of LIB, e.g., Ith[30 fs]. The prepulse is
inserted at a known delay before the leading edge enters
the relevant intensity levels of LIB, for example at −12
ps in the presented highest peak intensity setting. The pre-
pulse initializes LIB and, by this, increases the electron
density in the conduction band above the critical plasma
density. This leads to a localized laser energy deposition of
the following laser light, e.g., by inverse Bremsstrahlung.
In a start-to-end simulation of the high-intensity laser-
solid interaction and starting from the artificial prepulse,
the target preexpansion by the leading edge can then be
directly simulated in a radiation-hydrodynamics frame-
work. Especially for leading edges with tens to hundreds of
picosecond duration the procedure will improve the agree-
ment between start-to-end simulations and experiments
that aim to optimize target preexpansion, e.g., for enhanced
laser-driven ion acceleration [26].

VI. CONCLUSION

In summary, we report on the time-resolved observa-
tion of LIB of a dielectric cryogenic hydrogen sheet-jet
target during the leading edge of high-contrast petawatt-
class laser pulses with peak intensities between 0.6 × 1021

and 5.7 × 1021 W/cm2. By switching from the lowest to the
highest peak intensity, a shift of the onset of LIB from the
foot of the steep rising edge into the picosecond pedestal
of the leading edge occurs. The temporal shift is attributed
to an increased absolute intensity level in the picosecond
pedestal, which lowers the applicable threshold intensity
of LIB well below the appearance intensity Iapp of the bar-
rier suppression ionization model. The observation clearly
demonstrates that the laser pulse duration dependence of
LIB and LIDT affect the onset of LIB in high-intensity
laser-solid experiments.

To generalize the observation to other laser-target sys-
tems, we present an approach to infer the starting point
of LIB from laser contrast measurements compared to a
characterization study of target-specific thresholds of LIB.

The pulse duration dependence of LIB and its coupling
to the leading edge intensity evolution requires careful
consideration of target-specific breakdown thresholds to
determine the correct starting point for modeling target
preexpansion in start-to-end simulations of high-intensity
laser-solid interactions.
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APPENDIX A: PULSE DURATION DEPENDENCE
OF LIB—METHODOLOGY

The goal of the characterization study is the measure-
ment of the threshold fluences Fth and threshold intensities
Ith of LIB of the cryogenic hydrogen sheet-jet target for
different laser pulse durations. For this purpose, the pump
laser energy is attenuated by about 6 orders of magni-
tude. The attenuation is achieved by multiple wedges and
a reduction of the beam diameter by a circular aperture in
front of the OAP. This generates an Airy pattern focus on
target with 14 μm FWHM of the central disk. The resid-
ual pump laser energy can be scanned between 10% and
100% via the rotation of a wave plate and pairs of thin-
film polarizers in the beam path before compression. The
temporal pulse characteristics of the pump laser are pre-
served during attenuation. Six different settings of pulse
duration are realized by introducing a defined chirp via an
acousto-optic programmable dispersive filter (settings 1, 2,
3, 4) and an SF6 glass block (settings 5, 6) in the stretched
beam path of the laser system. For all settings, the tempo-
ral pulse shape [Figs. 5(b) and 5(c)] and the peak intensity
are inferred from the measured laser spectrum [Fig. 5(a)],
the artificially introduced spectral phase, the laser energy,
and a measurement of the focal spot. The peak fluence is
calculated using the laser energy and the measurement of
the focal spot only. For setting 1 (zero spectral phase), the
pulse duration is verified by measurements with a Wizzler
device by Fastlite. The different settings are summarized in
Table II.

For each pulse duration setting, the threshold intensity
Ith and threshold fluence Fth are derived as follows. The
repetition rate of the pump laser and the self-replenishing
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TABLE II. Measured threshold fluence Fth and threshold intensity Ith of LIB of the hydrogen sheet-jet target for the different settings
of group delay dispersion (GDD) and third-order dispersion (TOD). The FWHM of the laser pulse duration τ is derived from the
calculated pulse envelopes [Figs. 5(b) and 5(c)].

Setting GDD (fs2) TOD (fs3) τ (ps) Fth (J/cm2) Ith (W/cm2)

1 0 0 0.0285 3.4±0.4 (1.1±0.2)×1014

2 500 0 0.0445 4.1±0.7 (7.2±1.2) × 1013

3 2000 0 0.296 5.4±0.7 (1.8±0.3) × 1013

4 6000 0 0.954 8.3±0.7 (9.3±0.8) × 1012

5 19 536 12 320 3.17 8.6±1.9 (2.9±0.6) × 1012

6 38 612 24 290 6.33 14±2 (2.4±0.4) × 1012

target delivery of the cryogenic hydrogen jet allow us to
generate laser-target interactions at 1 Hz. Each interaction
is visualized via time-resolved optical shadowgraphy prob-
ing with a similar setup as presented in Sec. II A and Fig.
1. The probe delay is fixed to 1 ps after the falling flank
of the pump pulse. Time delay scans for different pulse
duration settings show that the influence of recombination

(a)

(b)

(c)

FIG. 5. Pump laser properties for the measurement of the pulse
duration dependence of LIB. (a) Spectrum, (b) temporal pulse
envelope of settings 1, 2, 3, and (c) temporal pulse envelope of
settings 4, 5, 6 (refer to Table II).

is negligible at this delay. To find the threshold of LIB, a
laser energy scan is conducted for each setting. The trans-
mission of the wave-plate attenuator is reduced stepwise
from 100% down to 10%. The pulse energy before the
transmission attenuator is adjusted such that, for the 100%
setting, LIB is assured and it can be ruled out for the 10%
setting. Thousands of shots at 10 to 14 transmission atten-
uator settings are acquired for each pulse duration setting.
A secondary optical probing axis allows us to sort the data
by target rotation angle and to use hundreds of shots for
a statistical evaluation of the laser energy scan. Assuming
an underlying normal distribution of fluctuations in laser
and target properties, the distribution function of the frac-
tion of shots with LIB as a function of laser energy is an
error function. The threshold of LIB is given by the laser
energy at which the error function reaches 50%. The stan-
dard deviation of the threshold value is given by the width
of the error function. The resulting values for Ith and Fth
are given in Table II.

APPENDIX B: LASER CONTRAST

The laser contrast measurement of the leading edge
is performed with a scanning third-order autocorrelator
(TOAC; Sequoia HD device by Amplitude). The TOAC
has a dynamic range >1013, a temporal scan resolution
<16 fs, and an optical temporal resolution <100 fs. The
pump laser operation at reduced pulse energy (0.27 J
before compression) allows for the acquisition of thou-
sands of shots and thus a high sampling rate of the leading
edge without degradation of the compressor gratings. The
final amplification stage of the laser amplifiers is known
to induce time-dependent changes of the leading edge and
to manipulate the height of individual short prepulses [73–
75]. A measurement of the laser contrast at highest laser
energy (32 J before compression) and a measurement at 4.2
J before compression are conducted via a pick-off mirror
in the collimated beam path before final focusing during
a different experimental campaign. They allow us to cal-
culate a laser system-specific conversion function, which
enables the computation of the laser contrast at highest
laser energy from a TOAC measurement at reduced laser
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FIG. 6. Leading edge of the pump laser (laser contrast) in the
highest peak intensity setting (red line). The quantum mechan-
ical and classical BSI thresholds are given together with the
fitted intensity thresholds of LIB I fit

th [τ ] for four different pulse
durations τ (horizontal lines).

energy, frequently measured for all experimental cam-
paigns. The hereby calculated laser contrast resembles the
intrinsic laser contrast of the pump laser system at full
amplification with a high sampling rate and for a specific
experimental campaign.

For the plasma mirror device, a contrast enhancement
factor of 2 × 10−4 is derived by two independent meth-
ods [(1) scanning TOAC at highest laser energy with and
without a plasma mirror, (2) a spectrally and angularly
resolved reflectance measurement of the plasma mirror
substrate]. Measurements of the intrinsic and the plasma-
mirror-enhanced laser contrasts via SRSI-ETE [23,72] put
the timing of the plasma mirror switching point between
−0.3 and −0.2 ps before the laser peak. Using these
results, the intrinsic laser contrast at full amplification is
converted to the plasma-mirror-enhanced laser contrast at
full amplification. Taking the mean target rotation angle
into account, the calculated laser contrast is scaled to the
respective peak intensity of each setting and displayed in
Figs. 4 and 6.

The laser contrast of the highest peak intensity setting in
Fig. 6 shows a prepulse with 3.6 × 1012 W/cm2 peak inten-
sity at −54 ps. The pulse duration of the prepulse is limited
by the optical temporal resolution of the TOAC measure-
ment to τ < 100 fs. The intensity threshold of LIB of a
100-fs pulse is I fit

th [100 fs] = 4.3 × 1013 W/cm2 and shorter
pulses feature an even higher threshold intensity. Even
assuming an uncertainty of one order of magnitude for the
intensity level of the laser contrast, the prepulse is insuffi-
cient to initiate LIB, in agreement with the time-resolved
optical shadowgraphy measurements.

Temporal integration of the laser contrast between −33
and −3 ps yields a fluence of 3.2 J/cm2 (Fig. 6). This is
about a factor of 6 lower than the fitted damage fluence
Ffit

th [30 ps] = 18.1 J/cm2, similar to the case of the plateau
between −10 and −3 ps that is discussed in Sec. IV. How-
ever, this implies that the picosecond pedestal between
−33 and −12 ps contains only 1 J/cm2, which is more than
a factor of 16 below the fluence threshold Ffit

th [21 ps] = 16.6
J/cm2. The observation of LIB in the highest peak inten-
sity setting is thus most likely caused by the plateau of the
picosecond pedestal between −10 and −3 ps.
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