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Abstract: We introduce a new approach to temporally resolve ultrafast micron-scale processes
via the use of a multi-channel optical probe. We demonstrate that this technique enables
highly precise time-resolved, two-dimensional spatial imaging of intense laser pulse propagation
dynamics, plasma formation and laser beam filamentation within a single pulse over four distinct
time frames. The design, development and optimization of the optical probe system is presented,
as are representative experimental results from the first implementation of the multi-channel
probe with a high-power laser pulse interaction with a helium gas jet target.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOIL.

1. Introduction

Laser-plasma interactions attract significant research interest in part because they offer a route to
to accessing exotic states of matter, including fusion plasmas [1], and as a compact source of
radiation [2]. It has been a central aim in these topics to experimentally measure the temporal
and spatial evolution of the underpinning dynamics which drive the interaction.

The complex dynamics of these interactions evolve rapidly on timescales less than the laser
pulse (femto- to pico-seconds) and are highly sensitive to initial plasma conditions and shot-to-
shot variations in the laser pulse parameters [3]. There have been a number of recent results that
highlight the sensitivity of the source properties to changes in the laser and plasma parameters
within a narrow range [4—6]. Although some of these dynamics can be elucidated in numerical
simulations, due to limitations in the physical processes that can be included in codes and the
use of idealized input parameters, measurements in the laboratory give the most comprehensive
insights. There presently exists a growing need for the development of experimental techniques
which enable detailed and controlled investigation with high spatial and temporal resolution in
order to investigate complex evolving laser—plasma dynamics such as self-focusing [7] or the
propagation of higher-order modes (such as Laguerre-Gaussian beams) in plasma [8]. Progress
in this area will open up a new dimension of experimental measurement and provide additional
capability to quantify key factors which limit the control of laser—plasma-driven radiation sources.

To date a number of experimental techniques have been developed which seek to address
this challenge such as proton probing [9, 10] and the use of a streak camera [11, 12]. Both
of these, however, have limitations, in temporal resolution and versatility [13, 14], and spatial
dimensionality [15], respectively. Optical probing using a chirped laser pulse [16, 17] has also
recently been investigated to provide temporal resolution however, with the dependence on pulse
bandwidth, this approach does not work well for picosecond scale systems and lacks arbitrary
control over the temporal resolution. Complementary to all of these, single pulse optical probing
is often used over multiple consecutive shots at varied probe timings in order to construct a
temporal series [18]. This method is inherently susceptible to changes in the interaction dynamics
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Fig. 1. Process flow diagram of multiplexed optical probe concept. A single ultrashort laser
pulse is divided into four separate laser pulses which are uniquely encoded by frequency
and polarization. The four pulses are independently delayed in time and then spatially
multiplexed (MUX) to propagate co-linearly in order to optically probe a given point in space
and time. The inverse process (DMUX) is then applied to spatially separate and form an
image for each of the channels. This enable 2D spatial and picosecond temporal resolution
over multiple frames with a single laser pulse.

due to shot-to-shot variations in the laser and plasma conditions [19-22], including changes
in the laser spatial profile, energy and spectrum. This issue can be compounded by the fact
that many large laser systems have low shot rates and low output stability, and therefore poor
statistics with which to minimize the impact of shot-to-shot fluctuation on measurements [19].
This is a critical limitation highlighted as motivation for the development of alternative temporal
measurement techniques such as time-sequence imaging by two-color probe [23] .

In this article, we present the design and the first measurements of a temporally resolved
laser—plasma interaction tracking the propagation of a single laser pulse using a novel multi-
channel probe. We demonstrate that this optical probe system enables picosecond-scale
temporal resolution and two-dimensional spatial resolution of a single interaction. With these
measurements we demonstrate that small variations in initial conditions strongly influence
the subsequent interaction properties which consequently inhibits the reliability of optical
probe measurements when obtained across repeated shots. This paper details the concept,
design of the optical system and the first tests of the system on a high power laser—plasma
experiment. Additionally, we envisage the multi-channel probe concept to potentially enhance
existing approaches to temporally resolve ultra-fast phenomena across other fields of scientific
research that are also inherently susceptible to stochastic phenomena [19], such as in pump-probe
microscopy [24] and irreversible reaction dynamics [25].

2. System design

The fundamental principle of this new approach derives originally from the established wavelength
and polarization division multiplexing techniques which have been used widely, primarily, in
telecommunications for decades [26]. We now adapt this concept and implement a design
which is appropriate for a pump-probe arrangement in a high power laser—plasma interaction
environment. A process flow diagram of the optical probe system is shown in Fig. 1. The
multi-channel optical probe system consists of one input channel and four temporally staggered
and encoded output channels which enables four separate interferograms to be taken of an
identical spatial location, with independent timing control. The multi-channel probe consists of
four main parts: the pulse generator, where four individual pulses are generated from an initial
seed pulse, encoded by wavelength and polarization and then appropriately delayed in time; the
multiplexer where the separate pulses are made co-linear again; the demultiplexer which spatially
separates the four pulses into individual imaging or interferometry and lastly, the imaging system
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Fig. 2. Schematic of the experimental set up within the vacuum chamber where a high
power pump laser pulse is focused into a gas target and a low-intensity probe pulse is passed
through the internal multi-channel system and the demultiplex arrangement external to the
chamber. The diagram details the optical system used in the multi-channel probe to generate
the four uniquely encoded laser pulses, delay them in time, spatially multiplex and then
demultiplex after the interaction point (object) to image the individual channels.

consisting of focusing lenses and CCD cameras.

A detailed technical schematic of the development from concept to the optical system design
for use on a high power laser experiment is shown in Fig. 2. By splitting the initial P-polarized
pulse in two, one output can be frequency doubled by passing it through a S-Barium Borate
(BBO) crystal of 50% conversion efficiency. This generates 1w (1054 nm) and 2w (527 nm)
channels which can both be divided again by a beamsplitter (BS), after which one of each
harmonic is passed through a half wave-plate to give a 90° polarization rotation, to produce
1wS and 2wS. The final result is four laser pulses (henceforth referred to as 1wS, 1wP, 2wS and
2wP) with uniquely distinguishable combinations of wavelength and polarization. To enable
independent timing control of each of the laser pulses a time delay slide is included along each
beam path. The individual delay stages facilitate both fine and coarse control of the intervals
between imaging, providing flexibility to observe developments at arbritrary timesteps over
a few picoseconds and at later stages of the remnants of the interaction with larger steps of
hundreds of picoseconds. After the timing stages, the four encoded pulses are made co-linear
using a multiplexer arrangement. The 1wS and 1wP pulses are spatially overlapped using a
polarizing beamsplitter (PBS). These two pulses are then spatially overlapped with the 2wS pulse
via a lw/2w dichroic beamsplitter (DBS). The final optic in the system for recombining is a
non-polarizing beam splitter (BS) which enables the 2wP pulse to overlap with the other pulses.
The co-linear, temporally separated pulses are directed transversely, across the interaction of an
intense laser pulse with a plasma, as an optical probe. The transmitted probe light is then directed
to the demultiplexer, external to the vacuum chamber, where the co-linear probe pulses are split
into four spatially separate channels. Here the demultiplexer consists of a dichroic beamsplitter
and a pair of polarizing beamsplitters which enable the pulses to be split by wavelength and
then by polarization, spatially separating the four individual pulses. The initial design of the
imaging system consists of a Normarski-type interferometer [27] by passing each pulse through a
Wollaston prism and a polarizer to produce an interference pattern [28]. Each of the channels is
then imaged into a separate Andor Neo sCMOS camera. The use of interferometry is intended to
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give a direct time resolved measurement of the evolving plasma electron density [29].

3. Experimental set up for use on high intensity laser—plasma interactions

The new optical probing technique was first tested in an intense laser—plasma interaction
experiment. The multi-channel optical probe enables direct measurement of the propagation of
a relativistically intense laser pulse in a high density sub-critical [30] plasma medium during
a single interaction. The experiment was performed at the Rutherford Appleton Laboratory,
Oxfordshire, UK, using the Vulcan Nd:Glass laser system in a dual short pulse beam configuration.
The probe beam was picked off from a larger 20 cm diameter beam with a total energy of ~30 J
and a pulse duration of ~1 ps. The probe beam was 2.54 cm in diameter with 480 mJ total energy.

The intense laser plasma interaction was driven by a 1054 nm laser with 150 J pulse energy
and 20 ps duration at full width at half maximum (FWHM). The laser was focused to ~ 5.6 ym
(FWHM) using an F/3 off-axis parabola, reaching a peak intensity of ~ 1 x 10'® W/cm?. The
laser was focused to the centre of a helium gas jet target, which was operated at pressures of up
to 100 bar, reaching electron densities of up to 1 x 102 cm™3 (0.1 n, [30]).

The optical probe was timed relative to this high intensity laser pulse using a streak camera.
Although the streak camera could reach sub-2 ps temporal resolutions, the timing resolution
between the optical probe and the high intensity pulse was found to be ~ +10 ps. This was due to
jitter in the electrical signal used to trigger the streak camera. The time delay for each pulse was
adjusted using a time delay slide which had 2 ns (60 cm) maximum range of motion in a double
pass configuration. A magnescale encoder was used with a position accuracy of ~ 30 fs (= 10
um). Initially all four optical probe pulses were overlapped in time with the high intensity pulse
and then moved in time to provide measurements at defined points in the interaction. As shown
in Fig. 2, a combination of transmissive and reflective optics were used, after the time delay
system, to achieve spatial overlap between the four pulses. This process resulted in significant
energy losses in some of the channels. The transmission through the multiplexer was calculated
to be 0.125E; (1wS), 0.25E; (1wP), 0.06E; (2wS), and 0.06E; (2wP), where E; is total input
laser energy.

After the optical probe passed through the plasma and the individual pulses spatially separated
in the demultiplexer system, the remaining sections of the optical probe were set up to act as a
Normarski-type interferometer for each of the pulses. Although interferometry was tested and
demonstrated to work during the experiment, the reduction in signal caused by the introduction of
a polarizer and Wollaston prism was found to reduce the signal-to-noise to an unacceptable level
during high power laser shots due to the production of self-emission [31]. The data presented
in the following sections is therefore limited to shadowgraphy measurements only. The field of
view of the optical probe imaging system was ~ 0.6 mm X0.5 mm with a resolution of = 7 um at
lw and ~ 3.5 um at 2w , in both dimensions, and magnification of =~ 29, for each of the channels.

4. |Initial experimental results

Figures 3(a)-3(d) shows example measurements of the interaction of the intense laser pulse
with a helium gas target at a gas pressure of P = 99.7, 98.1, 95.1 and 41.1 bar respectively.
From left to right in Fig. 3, each of the separate output channels of the probe are shown
for fixed timings relative to the peak of the laser of ¢t = 0, 12, 167 and 217 ps, respectively.
In these images the temporal evolution of a laser-driven plasma channel is clearly observed.
The formation of such a channel is expected around the focal region due to the time-averaged
ponderomotive force [32,33], which acts to accelerate electrons away from regions of locally
high intensity [18,32,34]. This depletion of electrons from the focal region results in an intensity
dependent change in the refractive index [35]. For the approximately Gaussian focal spot
distribution used in this experiment, the wings of the laser spatial-intensity profile propagate
faster in the plasma than the intense center due to the higher electron density at edges of the
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Fig. 3. Shadowgraphy measurements of each probe output channel from the experiment for
(@)E=162.2J,P=99.7 bar (b) E=158.9J, P=98.1 bar (c) E = 152.2 J, P = 95.1 bar, and
(d) E=148.9], P =41.1 bar. (e) Averaged half-angle (#) divergence of the plasma channel
wall evolving at 0, 12, 167 and 217 ps measured directly from the sets of images(a)—(d).

channel, resulting in a rapid self-focusing of the beam [7]. The peak laser intensity in this
experiment is only slightly above the 1.24 x 10'® W/cm? relativistic threshold for the 1.054 um
wavelength used here. In this regard, the plasma electron Lorentz factor is close to unity and
so we expect ponderomotive self-focusing effects to dominate at early times. However, given
sufficient ponderomotive self-focusing, relativistic effects could play a role near the peak of the
pulse [7].

The most salient point to be taken from these measurements is the observed variability in the
channel evolution, despite only small fluctuations in the laser and gas target parameters. Across
the three examples of repeated laser shots Fig. 3(a)-3(c) the average gas pressure is 98 bar + 2
bar (+2%) and the average laser energy is 158 J = 5 J (£ 3 %). In this range we observe the early
evolution of the channel to change substantially. While in all cases there is a small region of
plasma which forms at early times and then rapidly evolves into a full channel within 12 ps, in
Fig. 3(a) and 3(c) we observe an earlier onset of the full channel. This variation in the channel
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growth does not appear correlated with higher laser energy and plasma density alone, as in Fig.
3(c) both of these parameters are lower than in 3(b) where the early onset of the channel is not
observed in the 1wS measurements. This earlier onset of the channel formation will induce
self-focusing, and at these densities beam collapse [33]. In the 1wP measurements, a larger
degree of filamentation is clearly observed for Fig. 3(a) and 3(c) where the channel formation
occurred earliest. This early time channel evolution induced by small random variations in the
laser - such as an additional prepulse - or plasma parameters is a quintessential example of the
utility that the multi-channel optical probe can provide. In a standard single channel optical probe
arrangement the temporal dynamics are extracted over consecutive repeated laser shots, where it
is impossible to differentiate the evolution of the plasma dynamics from random fluctuations in
the initial conditions. Such an insight into the evolving stability of channel formation would be
of particular interest for the fast ignitor concept in inertial confinement fusion [36].

The measurements for the later channels show a stagnation of the channel evolution for
t >150 ps, long after the laser pulse has passed. The 2wS and 2wP channels both suffer poor
signal-to-noise ratio due to pick up of the plasma self-emission. The stagnation in the evolution
of the channel is clearly observed in Fig. 3(e) where at early time the channel half angle is
shown to grow rapidly then saturate on time scales longer than the laser pulse duration. The
half angle 6 is calculated as defined in Fig. 3(d), overlaid on the the 2wP channel. The initial
half-angle of the channel shown in Fig. 3(a)-3(c) is approximately 10°, which is expected for
the F/3 focusing geometry used in this experiment and suggests that limited ponderomotive
self-focusing has occurred early in the interaction. Later in the interaction for r > 12 ps the angle
of the channel has increased up to near 15° which is approaching an F/2 focusing geometry,
induced by self-focusing of the laser pulse. The measurements at late time show an even steeper
profile which is approaching an F/1 focusing geometry, which has then saturated by the final
time step. In addition to the images shown in Fig. 3(a)-3(c), this measurement is also made, for
comparison, for P =41.1 bar and E = 148.9 J in Fig. 3(d) and the evolution is quite different. At
early times breakdown of the background is observed but the full channel has not yet formed.
For t > 12 ps a channel is present with a half-angle which approaches the initial F/3 geometry
and remains approximately constant for the succeeding time steps.

These measurements provide insight into the evolving picosecond-scale dynamics of laser—
pulse propagation in underdense plasma and their sensitivity to fluctuations in initial plasma
conditions and laser input parameters. This data highlights the importance of reproducible
conditions to ensure reliability, especially when measurements are reconstructed from a series of
consecutive shots.

5. Summary and outlook

A multi-channel optical probe capable of both 2D spatial resolution and picosecond-scale temporal
resolution of a single laser pulse—plasma interaction has been developed. Example experimental
results demonstrate the utility of this approach, where random fluctuations in the laser and plasma
parameters on the order of a few percent have been observed to modify the plasma channel
evolution substantially and therefore the laser—pulse propagation dynamics. This highlights the
need to employ single-shot time-resolved measurements in order to clearly deconvolve random
fluctuations in experiment parameters from changes in the dynamics. Equivalent measurements
cannot be made using a conventional single time frame optical probe approach. Future
development of this approach will open up single-shot electron density evolution measurements
via time-resolved interferometry and higher temporal resolution by modifying the system to be
appropriate for femtosecond-scale laser pulses. Achieving femtosecond-scale temporal resolution
would involve careful consideration of dispersive effects due to the increased bandwidth but would
be possible via increased use of thin pellicle beam splitters and reflective waveplates. Due to the
reduced energy, gains in throughput efficiency would also be required principally by modifying
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the layout of the multiplexer system to remove the broadband beam splitter which is responsible
for significant energy losses. The development of this system supports the growing capacity in
the field to make controlled and precise time-resolved measurements of intense laser—plasma
interactions. This will enable new insight into the underpinning physics which drive, for example,
laser-driven radiation sources and which previously could not be measured experimentally during
a single interaction. The novel concept presented here also has the potential to be extended and
adapted for cross-disciplinary research interests which could benefit from temporally resolving
ultrafast processes and particularly in cases where the underlying dynamics appear stochastic.
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