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Time-resolved measurements 
of fast electron recirculation for 
relativistically intense femtosecond 
scale laser-plasma interactions
J. S. Green1, N. Booth1, R. J. Dance  2, R. J. Gray3, D. A. MacLellan3, A. Marshall2, P. McKenna  3, 

C. D. Murphy  2, C. P. Ridgers2, A. P. L. Robinson1, D. Rusby1,3, R. H. H. Scott1 & L. Wilson1

A key issue in realising the development of a number of applications of high-intensity lasers is the 

dynamics of the fast electrons produced and how to diagnose them. We report on measurements of 

fast electron transport in aluminium targets in the ultra-intense, short-pulse (<50 fs) regime using 
a high resolution temporally and spatially resolved optical probe. The measurements show a rapidly 

(≈0.5c) expanding region of Ohmic heating at the rear of the target, driven by lateral transport of the 
fast electron population inside the target. Simulations demonstrate that a broad angular distribution of 

fast electrons on the order of 60° is required, in conjunction with extensive recirculation of the electron 
population, in order to drive such lateral transport. These results provide fundamental new insight 

into fast electron dynamics driven by ultra-short laser pulses, which is an important regime for the 

development of laser-based radiation and particle sources.

The development of many cutting-edge applications in the field of ultra-high intensity laser-plasma interactions 
is highly dependent on progressing our understanding of fast electron generation and transport. The creation of 
high current beams of energetic electrons from ultra-high intensity laser-plasma interactions1,2 is the first stage 
in the process of creating hard X-ray sources3,4, high energy ions5 or warm dense matter (WDM) via isochoric 
heating6. Rapid isochoric heating of matter using fast electrons is also key to the fast ignitor scheme for inertial 
confinement fusion (ICF)7. Understanding exactly how relativistic electrons are transported away from the laser 
focal spot and into the bulk of a dense target remains a priority for the development of these science and appli-
cation areas8–10.

A number of complementary techniques have been used to diagnose fast electron beam transport in dense 
targets in an attempt to characterise the electron beam temperature, flux and divergence. Of these key fast elec-
tron beam properties, both diagnosing and controlling the beam divergen ce is perhaps the greatest challenge, 
with previous experimental measurements11 indicating that the fast electron divergence half angle is on the order 
of 45° at intensities of ≈1020 Wcm−2. Current theory points to either the curvature of the critical surface at the 
front of the target or the influence of intense magnetic fields (possibly sourced from a Weibel-like instability) 
as the source of fast electron divergence11,12. However the growth of resistive magnetic fields inside the target 
bulk can subsequently alter the beam divergence as it propagates through the bulk plasma13–15. Almost all of 
the recent experimental work on this topic has been conducted on picosecond systems where the timescales are 
sufficient to allow magnetic fields and instabilities to develop significantly during the interaction. As the pulse 
length is reduced from ≈500 fs to <50 fs we might expect that the balance of these complex physical processes to 
be quite different. By performing experiments at this shorter pulse length range and with a temporally resolved 
diagnostic, an opportunity is presented to clarify the dominant processes for determining electron transport on 
sub-picosecond timescales.

Diagnostic techniques can be broadly separated into those involving measurements of electrons inside the 
target and measurements of electrons (typically > 1 MeV) that have escaped the target. Direct measurements of 
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electrons that have escaped the target give some indication of the electron distribution16 and divergence17 within 
it. However as these high energy electrons leave the rear surface they rapidly charge up the target, creating large 
electrostatic sheath fields that reflect all but the highest energy electrons inside the target. Since similar sheath 
fields are also produced at the target front side, fast electrons can recirculate18 inside the target (see Fig. 1b), 
driving lateral expansion away from the focal region19 and modifying the electron population that can escape20. 
Previous work has estimated that up to 99% of the fast electron population remains trapped in the target21 in this 
way. Electron recirculation has been attributed to significantly enhancing sheath-accelerated ions22,23 or x-ray 
yields24. Recirculation can also lead to enhanced heating of the bulk target material25, which in turn could affect 
subsequent electron transport owing to changes in the target resistivity26. However electron recirculation could 
also be an inhibiting factor in controlling fast electron divergence by disrupting collimating azimuthal magnetic 
fields inside the target14. The degrees to which electron recirculation and the initial electron injection profile 
affect subsequent transport physics clearly impacts many areas of laser-plasma sources and hence requires the 
development of diagnostic approaches more suited to spatially and temporally resolving electron transport inside 
the target.

X-ray spectroscopy27, Bremsstrahlung28 and Cu K-alpha techniques are often used to investigate aspects of fast 
electron beam divergence29,30 or refluxing dynamics24,31. While 2D spatially resolved (time integrated) K-alpha 
data can be obtained, careful analysis is required in order to relate measurements of K-alpha back to the original 
fast electron distribution, especially when buried layer targets are utilised where fields can build up at material 
interfaces. However, recent time-resolved measurements have provided spatially and temporally resolved data on 
a short-pulse interaction32.

Optical transition radiation (OTR) that is emitted as electrons cross the target-vacuum interface can be 
effective in characterising the fast electron divergence33,34 of the highest energy (>1 MeV) electrons. However, 
since OTR is emitted over a timescale similar to that of the laser drive pulse, temporally resolving the data is 
challenging.

Transverse (with respect to the target surface) optical probing has proven to be a relatively simple technique, 
that when matched with a suitable analytical or computational model can infer energy deposited at the rear 
surface of a target, which can then be used to determine the original fast electron parameters35,36. Temporal res-
olution is limited by the probe pulse duration and unless probing can be done in multiple directions, cylindrical 
symmetry has to be assumed in order to extract the data.

One promising alternative is the rear surface reflective optical probe. Instead of probing transversely across 
the target surface, measurements are made as a short-pulse of laser light reflects off the rear of the target surface, 
in the region opposite to the laser interaction on the front side. This technique has been used for long-pulse (ns), 
lower intensity experiments, to measure shock heating of plasmas for example37,38. Antici et al.39 applied a similar 
technique to high-intensity interactions (1019 Wcm−2), using a time-resolved optical probe to investigate bulk 
electron and fast electron populations. By using a chirped optical probe in conjunction with a spectrometer, they 
were able to characterise electron parameters at the rear surface with 4 ps temporal resolution. Chatterjee et al.40 
have also used a complementary technique to measure fast electron-induced magnetic field evolution at the target 
rear surface.

Most applications of laser-accelerated radiation sources will require lasers that can operate at high repeti-
tion rates and within a small spatial footprint, requirements for which Ti:Sapphire systems are well-suited. As 
high repetition rate (~1 Hz), next-generation petawatt-class lasers come on-line, data on fundamental electron 
transport dynamics driven by short pulse systems (<50 fs) is crucial to underpinning application and scientific 
development. In this article we present time-resolved measurements of fast electron heating of Al foils in the 
ultra-high intensity (1021 Wcm−2), short pulse (40 fs) regime. This was achieved using a new rear surface probing 
technique41 that permits multiple time-resolved 2D measurements to be made for a single shot with temporal and 
spatial resolutions as low as 100 fs and 6 µm respectively.

Based on our measurements and closely coupled simulations, we report that high energy electrons are accel-
erated into the target over a large half angle of ≈60°, with electron recirculation driving strong lateral transport 

Figure 1. (a) Schematic of the rear surface optical probe layout for the experiment. (b) Schematic illustrating 
ballistic and recirculating model for electron transport in a solid target. Both models could result in a radial 
distribution of bulk temperature at the target rear surface, with the evolution of the heated region depending on 
the initial electron divergence angle and the degree of recirculation.
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of energy over areas significantly larger than the original laser focal spot and on timescales much longer than the 
pulse duration. These results will have significant impact on the development of fast electron guiding techniques; 
permitting greater beam control and higher fluxes for the optimisation of high repetition rate laser-based applica-
tions such as bright X-ray sources42 or radiation hardness testing43 of electronic equipment.

Experimental Results
Figure 2 shows measurements of the spatial-intensity distribution of a laser pulse reflected from the rear surface 
of a 50 µm Al foil, over three time steps, driven by a single pump beam focused to 1021 Wcm−2 at the target front 
surface (see Methods for more details). In order to enhance the quality of the data, the 50 µm Al foil targets were 
polished prior to mounting in order to improve the surface quality by removing larger imperfections such as roll 
marks or scratches, although some imperfections remained. At the timing corresponding to the arrival of the 
main pulse (Fig. 2a), the reflectivity of the probe pulse can be seen to be broadly uniform across the target surface.

Figure 2b and c show the reflectivity of the rear surface of the foil 1.6 ps and 3.1 ps after the main interaction. 
A number of features are seen to evolve compared to the t = 0.1 ps image. A significant drop in target reflectivity 
is seen around the interaction point (close to the centre of the foil), extending out to 200 µm in radius in Fig. 2c. 
OTR emission can also be seen centred on the interaction point for each time step, indicating where the highest 
energy electrons transition from the bulk target material into the vacuum.

The change in rear surface reflectivity for 50 µm Al foils was measured over a range of time delays following 
the main interaction at the target front surface. For each shot, three time windows were obtained correspond-
ing to three probing wavelengths (see Methods for details). For each probe image a vertical line out was taken 
through the central interaction region, from where the region of lower reflectivity was centred. For each data 
point a characteristic radial measurement (defined by the region where reflectivity falls below 90% that of the cold 
reflectivity) and minimum reflectivity value were extracted. The radial size of this dark feature is plotted against 
probe time in Fig. 3.

From Fig. 3a it can be seen that the spatial extent of the dark feature increases rapidly at early times (<1 ps), at 
a speed of ≈0.5 c before slowing at later times. The rapid nature of the initial expansion period is characteristic of 
a process driven by the generation of large currents of high energy electrons from the ultra-intense interaction of 

Figure 2. Experimental data showing reflectivity maps for a 50 µm aluminium foil at 3 different probe 
times (same shot). For each time step a characteristic region of heating is illustrated with a dotted circle, 
corresponding to where the measured reflectivity drops below 90% of that of cold aluminium.

Figure 3. (a) Radial measurement of area of reduced reflectivity (<90%) as a function of probe time. (b) 
Minimum reflectivity recorded as a function of probe time. Error bars represent the variation in determining 
both the radial size and minimum reflectivity of the observed feature for each data point over multiple line outs.
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the pump pulse. The arrival of mega-ampere currents If at the target rear surface drives near-instantaneous Ohmic 
heating of the bulk material via the drawing of a low energy return current Ib ≈ If

44. Using the rigid beam model 
devised by Davies et al.45 the level of Ohmic heating would be expected to scale as:

η
=

dT

dt

J

C (1)
f
2

where Jf is the fast electron current density, C is the heat capacity (assumed constant) and η is the electrical resis-
tivity scaling as:
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where η0 and T0 are the initial values and α < 1 for the low bulk temperatures (T < 10 eV) that will be considered 
here.

This rapid Ohmic heating increases the resistivity of the aluminium (for a Lee-More model46), resulting in 
a corresponding reduction of the reflectivity assuming a reflection of an electro-magnetic wave at a step-like 
density profile. It should be noted that at later times the assumption of a step-like density profile at the target rear 
surface may not apply, hence we would expect a proportion of the probe light to also be absorbed by non-linear 
processes.

In this model of fast electron-driven Ohmic heating the speed and change in reflectivity of the apparent radial 
expansion can be directly related to the electron transport inside the target foil. Assuming a ballistic injection of 
fast electrons from the laser focal region, an initial region of rear surface heating would be expected (as illustrated 
in Fig. 1), with the size of the heated region scaling primarily with the divergence angle of the electron beam. If 
we were to assume that the spatial profile of the observed heating is determined purely from the electron diver-
gence angle then the data in Fig. 3 implies a divergence half-angle of >80°. Perez et al. highlighted that the fast 
electron divergence could appear almost isotropic in some situations, partly owing to how certain diagnostic data 
is interpreted47, however such measurements are the exception. In the time window presented in the data (4 ps), 
any electrons trapped within the target would have time to recirculate many times between the front and rear sur-
faces. This would have the effect of extending the region of heating radially as the recirculating electrons deposit 
additional energy in the bulk material. Hence care is required when interpreting such data, as demonstrated by 
Ridgers et al.48.

Some previous publications have presented evidence of lateral energy transport, commonly attributed to 
fast electron transport, although under different conditions19,20,49. A number of papers have reported on radial 
energy transport on femtosecond timescales at the target front surface during high intensity laser-plasma interac-
tions50–52 where strong fields associated with the laser focal spot dominate transport. Metskes et al.53 have applied 
an optical probing reflectivity technique to map plasma formation and expansion on the target rear surface during 
high intensity (4 × 1019 Wcm−2) femtosecond scale interactions. Metskes et al. were able to observe a pre-pulse 
disrupted rear surface feature in addition to a darker electron-heated region at later times. We note that the meas-
urements in the present paper exhibit no drop in reflectivity prior to the arrival of the main pulse, indicating little 
disruption from any laser pre-pulse.

Martonolli et al.54 made reflectivity measurements of the rear surface of aluminium targets with a picosecond 
class laser (t = 350 fs). Martonolli et al. attributed an expanding heated region to rapid energy deposition by the 
fast electron population within a few picoseconds followed by an unspecified transport process that occurs on 
timescales of tens of picoseconds, although the authors were limited by the low temporal resolution of the probe, 
preventing more detailed analysis of the initial heating phase. The high temporal resolution of the optical probe 
data presented here permits a new and important insight into fast electron transport and target heating at inter-
action intensities directly relevant for many laser-based applications.

Simulations
In order to investigate the underpinning physics of the observed electron transport patterns at the target rear 
surface the 3D hybrid-PIC code Zephyros55 was used to simulate the effect of injecting a relativistic beam of fast 
electrons into a 50 µm Al foil. The simulations were carried out using a box of 800 × 800 × 50 µm (where 50 µm 
was the target thickness) with a grid resolution set to 1 µm. The cold aluminium target was initiated with a bulk 
temperature of 0.1 eV, and a resistivity curve determined by Davies et al.56 based on a Lee-More model46. The fast 
electron input parameters were defined to match those of the main Gemini laser pulse (1021 Wcm−2, 40 fs, 3 µm 
FWHM focal spot). The electron temperature was set using the scaling of Haines et al.57, with the electron beam 
injected with an average injection half angle of 60 degrees, as derived from the scaling law of Green et al.11. In 
order to clarify the role of electron recirculation, two simulations were performed, with recirculation enabled and 
disabled.

As a first step in the analysis, the bulk electron temperature and resistivity of the rear surface of the aluminium 
target was extracted at various time steps during the simulation. Next the reflectivity of the bulk aluminium was 
calculated using Fresnel equations together with the incidence angle (θi = 30°) and polarisation (p) of the probe 
pulse:
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where n1 and n2 are the refractive indices for a vaccum and the target material respectively and n2 is calculated 
from the aluminium resistivity η by:
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This reflectivity calculation can be considered valid for step-like density profiles, but at some point after the 
initial interaction, the expansion of the plasma into vacuum would become significant enough that absorption of 
the probe light in the plasma could not be neglected. In order to model the reflectivity of the probe more accu-
rately the level of absorption of the probe light into a steep (but non-zero) plasma scale length was also consid-
ered. To provide a simple model for a steep scale length at the rear surface, the bulk temperature maps from 
Zephyros were used to calculate a time-dependant plasma expansion velocity (sound speed) and hence a 
time-dependant scalelength Ln where =L nn e

dx

dne

.

At the typical intensity of the probe laser, and ultra-short scalelengths (≪1 µm) predicted to be present dur-
ing the experiment on <5 ps timescales, resonance absorption would be expected to be an additional absorp-
tion mechanism. Both Fresnel and resonance absorption58 were then combined to relate the observed drop in 
reflectivity of aluminium to the fast electron-sourced heating at the back of the target. Absorption by Inverse 
Bremsstrahlung was also included in the calculations, but found to be negligible at such short scalelengths.

Figure 4 shows a plot of rear surface bulk temperature and the reflectivity calculated from the Zephyros sim-
ulations for multiple time steps. For the case where electron recirculation is not inhibited the expanding heated 
region (with a peak temperature of 0.8 eV) and corresponding area of dark reflectivity seen in the experiment are 
in good agreement, with a minimum reflectivity decreasing with time. Figure 5a shows the characteristic radial 
size of the simulated probe reflectivity at the rear surface, along with the corresponding experimental results. 
The characteristic rapid expansion at early time is followed by a slower expansion at later times, as observed 
experimentally.

In order to clarify the role of electron recirculation in driving the radial expansion observed with the diagnos-
tic, a repeat simulation was performed with recirculation disabled. This was achieved by creating open boundaries 
on all sides of the simulation box, representing a model whereby only the first pass of any injected fast electrons 
would contribute to the bulk heating of the Aluminium foils. This simulation result is also shown in Fig. 5. While 
a noticeable drop in reflectivity is still observed, the radial expansion is severely limited to a maximum radius less 
than 30% of that measured experimentally. When the divergence half angle is increased to 90 degrees (Fig. 5) to 
maximise the radial spread of the electron population on a single pass, the degree of radial expansion and heating 

Figure 4. Simulated rear surface bulk temperatures (a) and calculated reflectivity (b) for an electron population 
injected with a 60 degree half angle with electron recirculation enabled. For the reflectivities a dotted circle 
marks the area within which the reflectivity drops below 90%.
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is further decreased. This can be accounted for by an insufficient electron number density at the target rear sur-
face being no longer sufficient to produce clearly observable drops in reflectivity. Hence the sustained lateral 
expansion of the fast electron population and target heating measured experimentally can be seen to result from 
a combined effect of an initially broad electron distribution and the fact that a large part of the electron popula-
tion is trapped within the target. After ≈2ps the simulations show that little additional target heating occurs in 
the central region of the target. At this point any further drop in reflectivity is accounted for by expansion of the 
heated plasma rather than a change in resistivity.

Discussion
By utilising a high spatial and temporal resolution optical probe we have made measurements of fast electron 
driven lateral energy transport in the ultra-intense, short-pulse regime for the first time. Measurements of the tar-
get rear surface within a few picoseconds of the 1021 Wcm−2 drive laser reveal rapid radial expansion (≈0.5c) of a 
heated region which evolves long after the initial pulse length. Hybrid-PIC simulations of the interaction indicate 
that a large initial fast electron divergence angle coupled with electron recirculation are required to maintain the 
radial expansion and heating observed.

These measurements clearly impact many areas relating to laser-plasma acceleration and secondary sources. 
A large divergence angle coupled to electron recirculation could be beneficial, for example in enhancing X-ray 
flux (in a similar way as reported by Quinn et al.24). However applications may be limited if the X-ray source size 
were to grow too large and limit spatial resolution. From these experimental results and associated simulations, 
it is clear that for certain interaction conditions key parameters such as fast electron number density or bulk 
temperature, cannot be assumed to be derived directly from a single pass of the fast electron beam. Huang et 
al.59 and Sentoku et al.18 created analytical models for the threshold at which hot electron recirculation would 
have a significant effect on ion acceleration from the target rear surface. These models predict a threshold target 
thickness of ≈6–8 µm for a pulse length of 40 fs. Since the optical probing technique used here is sensitive to small 
changes in fast electron driven target heating we have been able to measure the effect of electron recirculation for 
relatively thick targets. By applying the time-resolved diagnostic technique described in this article to a thinner 
target regime, it would be possible to investigate this transitional regime when coupled to complementary meas-
urements of the ion beam.

Further experiments are needed to study key fast electron parameters and their subsequent effects on femto-
second laser-driven science and applications. Crucially we have demonstrated that time-resolved diagnostics are 
required to resolve aspects of electron generation and transport that may not be apparent with time-integrated 
observations. This work also highlights the requirement to extend developments relating to fast electron diver-
gence control to the femtosecond regime, in order that the angular distribution can be brought within the toler-
ance range required for most secondary sources.

Methods
The experiment was performed using the Gemini laser at the Rutherford Appleton Laboratory. Gemini is a 
dual-beam Ti:Sapphire laser system, consisting of two independently configurable beams lines, delivering 
12 J with a pulse duration of ≈40 fs. The main (pump) beam was focused onto target at an incidence angle of 
30 degrees using an f/2 parabola, with a resulting focal spot diameter of 3 µm in a Full Width Half Maximum 
(FWHM). Accounting for losses in the system, the energy within this FWHM was up to 3 J, with a calculated 
peak intensity of 1021 Wcm−2. The laser contrast (the ratio of the peak laser intensity to the amplified spontaneous 
emission (ASE) pedestal intensity) was measured to be ≈108 up to 20 ps before the main pulse.

A 10 mm apodised portion of the second Gemini beam was used as a rear surface optical probe, incident at 
an angle of 40 degrees relative to target normal in a p-polarised orientation. The beam was chirped to a pulse 
length of between 0.3 and 5 ps by detuning the compressor. At the shortest pulse duration (300 fs) the temporal 
resolution was 100 fs. By using a linear chirp, a linear relationship between wavelength and probe timing could be 

Figure 5. Summary of Zephyros simulation results with and without electron recirculation: (a) Radial 
measurement of area of reduced reflectivity as a function of probe time (b) Minimum reflectivity recorded as a 
function of probe time.
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assumed, the shortest wavelengths (≈780 nm) probing earliest in time, the longest (≈820 nm) latest in time. In 
order to separate the time windows, three CCD cameras were using in the imaging line, with a different bandpass 
filter in front of each camera (see Green et al.41 for more details). An f = 40 cm achromatic lens was used to image 
the target rear surface, yielding a spatial resolution of 6 µm at 800 nm, and a magnification of ×7.

The timing of the rear surface probe relative to the main pulse was also varied with the use of a timing slide. 
The intensity of the rear surface probe was ≈5 × 1010 Wcm−2, an intensity that was found to have no measurable 
effect on the target rear surface itself, even for ultrathin (<100 nm) targets. In order to make quantitative meas-
urements of the rear surface reflectivity a reference image of each target was first obtained by just firing the probe 
beam of the Gemini laser. A second image was then taken with both the probe beam and main interaction pulse 
incident on the target, with the timing between the two varied on each shot. By normalising the on-shot reflec-
tivity map with the reference reflectivity map obtained from the undisturbed foil, a clear 2D measurement of any 
change in target reflectivity was obtained.

The datasets generated during and/or analysed during the current study are available in the STFC Research 
Data Repository, http://dx.doi.org/10.5286/edata/712.

References
 1. Wilks, S. C., Kruer, W. L., Tabak, M. & Langdon, A. B. Absorption of ultra-intense laser pulses. Physical Review Letters 69, 

1383–1386, https://doi.org/10.1103/PhysRevLett.69.1383 (1992).
 2. Beg, F. N. et al. A study of picosecond laser-solid interactions up to 1019 W cm2. Physics of Plasmas 4, 447–457, https://doi.

org/10.1063/1.872103 (1997).
 3. Edwards, R. D. et al. Characterization of a gamma-ray source based on a laser-plasma accelerator with applications to radiography. 

Applied Physics Letters 80, 2129–2131, https://doi.org/10.1063/1.1464221 (2002).
 4. Norreys, P. A. et al. Observation of a highly directional gamma-ray beam from ultrashort, ultraintense laser pulse interactions with 

solids. Physics of Plasmas 6, 2150–2156, https://doi.org/10.1063/1.873466 (1999).
 5. Macchi, A., Borghesi, M. & Passoni, M. Ion acceleration by superintense laser-plasma interaction. Reviews of Modern Physics 85, 

751–793, https://doi.org/10.1103/RevModPhys.85.751 (2013).
 6. White, T. et al. Electron-Ion Equilibration in Ultrafast Heated Graphite. Physical Review Letters 112, https://doi.org/10.1103/

PhysRevLett.112.145005 (2014).
 7. Tabak, M. et al. Ignition and high gain with ultrapowerful lasers*. Physics of Plasmas 1, 1626–1634, https://doi.org/10.1063/1.870664 

(1994).
 8. Sorokovikova, A. et al. Generation of Superponderomotive Electrons in Multipicosecond Interactions of Kilojoule Laser Beams with 

Solid-Density Plasmas. Physical Review Letters 116, https://doi.org/10.1103/PhysRevLett.116.155001 (2016).
 9. Vaisseau, X. et al. Collimated Propagation of Fast Electron Beams Accelerated by High-Contrast Laser Pulses in Highly Resistive 

Shocked Carbon. Physical Review Letters 118, https://doi.org/10.1103/PhysRevLett.118.205001 (2017).
 10. Jarrott, L. C. et al. Visualizing fast electron energy transport into laser-compressed high-density fast-ignition targets. Nature Physics 

12, 499–504, https://doi.org/10.1038/nphys3614 (2016).
 11. Green, J. S. et al. Effect of Laser Intensity on Fast-Electron-Beam Divergence in Solid-Density Plasmas. Physical Review Letters 100, 

https://doi.org/10.1103/PhysRevLett.100.015003 (2008).
 12. Debayle, A., Honrubia, J. J., d’Humières, E. & Tikhonchuk, V. T. Divergence of laser-driven relativistic electron beams. Physical 

Review E 82, https://doi.org/10.1103/PhysRevE.82.036405 (2010).
 13. Yang, X. H. et al. Effects of filamentation instability on the divergence of relativistic electrons driven by ultraintense laser pulses. 

Physics of Plasmas 23, 103110, https://doi.org/10.1063/1.4966205 (2016).
 14. Yuan, X. H. et al. Effect of self-generated magnetic fields on fast-electron beam divergence in solid targets. New Journal of Physics 12, 

0 6 3 0 1 8 ,  h t t p s : / / d o i . o r g / 1 0 . 1 0 8 8 / 1 3 6 7 - 2 6 3 0 / 1 2 / 6 / 0 6 3 0 1 8 ;  h t t p : / / s t a c k s . i o p. o r g / 1 3 6 7 - 2 6 3 0 / 1 2 / i= 6 /
a=063018?key=crossref.80a0ccfe1f712cb9c60bc2ccfb3aa29d (2010).

 15. MacLellan, D. A. et al. Influence of laser-drive parameters on annular fast electron transport in silicon. Plasma Physics and Controlled 
Fusion  56 ,  084002, https://doi.org/10.1088/0741-3335/56/8/084002; http://stacks.iop.org/0741-3335/56/i=8/
a=084002?key=crossref.7dc33e5dd4de4879b20803209d4f639a (2014).

 16. Tanimoto, T. et al. Measurements of fast electron scaling generated by petawatt laser systems. Physics of Plasmas 16, 062703, https://
doi.org/10.1063/1.3155086 (2009).

 17. Rusby, D. R. et al. Measurement of the angle, temperature and flux of fast electrons emitted from intense laser-solid interactions. 
Journal of Plasma Physics 81, https://doi.org/10.1017/S0022377815000835 (2015).

 18. Sentoku, Y., Cowan, T. E., Kemp, A. & Ruhl, H. High energy proton acceleration in interaction of short laser pulse with dense plasma 
target. Physics of Plasmas 10, 2009–2015, https://doi.org/10.1063/1.1556298 (2003).

 19. McKenna, P. et al. Lateral Electron Transport in High-Intensity Laser-Irradiated Foils Diagnosed by Ion Emission. Physical Review 
Letters 98, https://doi.org/10.1103/PhysRevLett.98.145001 (2007).

 20. Link, A., Freeman, R. R., Schumacher, D. W. & Van Woerkom, L. D. Effects of target charging and ion emission on the energy 
spectrum of emitted electrons. Physics of Plasmas 18, 053107, https://doi.org/10.1063/1.3587123 (2011).

 21. Myatt, J. et al. High-intensity laser interactions with mass-limited solid targets and implications for fast-ignition experiments on 
OMEGA EP. Physics of Plasmas 14, 056301, https://doi.org/10.1063/1.2472371 (2007).

 22. Buffechoux, S. et al. Hot Electrons Transverse Refluxing in Ultraintense Laser-Solid Interactions. Physical Review Letters 105, https://
doi.org/10.1103/PhysRevLett.105.015005 (2010).

 23. Mackinnon, A. J. et al. Enhancement of Proton Acceleration by Hot-Electron Recirculation in Thin Foils Irradiated by Ultraintense 
Laser Pulses. Physical Review Letters 88, https://doi.org/10.1103/PhysRevLett.88.215006 (2002).

 24. Quinn, M. N. et al. Refluxing of fast electrons in solid targets irradiated by intense, picosecond laser pulses. Plasma Physics and 
Controlled Fusion 53, 025007, https://doi.org/10.1088/0741-3335/53/2/025007; http://stacks.iop.org/0741-3335/53/i=2/
a=025007?key=crossref.fc0888512d2ab6f4080e80934ee33476 (2011).

 25. Nilson, P. M. et al. High-intensity laser-plasma interactions in the refluxing limit. Physics of Plasmas 15, 056308, https://doi.
org/10.1063/1.2889449 (2008).

 26. MacLellan, D. A. et al. Annular Fast Electron Transport in Silicon Arising from Low-Temperature Resistivity. Physical Review Letters 
111, https://doi.org/10.1103/PhysRevLett.111.095001 (2013).

 27. Kieffer, J. C. et al. Electron distribution anisotropy in laser-produced plasmas from x-ray line polarization measurements. Physical 
Review Letters 68, 480–483, https://doi.org/10.1103/PhysRevLett.68.480 (1992).

 28. Scott, R. H. H. et al. Measuring fast electron spectra and laser absorption in relativistic laser-solid interactions using differential 
bremsstrahlung photon detectors. Review of Scientific Instruments 84, 083505, https://doi.org/10.1063/1.4816332 (2013).

 29. Stephens, R. B. et al. K-alpha fluorescence measurement of relativistic electron transport in the context of fast ignition. Physical 
Review E 69, https://doi.org/10.1103/PhysRevE.69.066414 (2004).

http://dx.doi.org/10.5286/edata/712
http://dx.doi.org/10.1103/PhysRevLett.69.1383
http://dx.doi.org/10.1063/1.872103
http://dx.doi.org/10.1063/1.872103
http://dx.doi.org/10.1063/1.1464221
http://dx.doi.org/10.1063/1.873466
http://dx.doi.org/10.1103/RevModPhys.85.751
http://dx.doi.org/10.1103/PhysRevLett.112.145005
http://dx.doi.org/10.1103/PhysRevLett.112.145005
http://dx.doi.org/10.1063/1.870664
http://dx.doi.org/10.1103/PhysRevLett.116.155001
http://dx.doi.org/10.1103/PhysRevLett.118.205001
http://dx.doi.org/10.1038/nphys3614
http://dx.doi.org/10.1103/PhysRevLett.100.015003
http://dx.doi.org/10.1103/PhysRevE.82.036405
http://dx.doi.org/10.1063/1.4966205
http://dx.doi.org/10.1088/1367-2630/12/6/063018
http://stacks.iop.org/1367-2630/12/i=6/a=063018?key=crossref.80a0ccfe1f712cb9c60bc2ccfb3aa29d
http://stacks.iop.org/1367-2630/12/i=6/a=063018?key=crossref.80a0ccfe1f712cb9c60bc2ccfb3aa29d
http://dx.doi.org/10.1088/0741-3335/56/8/084002
http://stacks.iop.org/0741-3335/56/i=8/a=084002?key=crossref.7dc33e5dd4de4879b20803209d4f639a
http://stacks.iop.org/0741-3335/56/i=8/a=084002?key=crossref.7dc33e5dd4de4879b20803209d4f639a
http://dx.doi.org/10.1063/1.3155086
http://dx.doi.org/10.1063/1.3155086
http://dx.doi.org/10.1017/S0022377815000835
http://dx.doi.org/10.1063/1.1556298
http://dx.doi.org/10.1103/PhysRevLett.98.145001
http://dx.doi.org/10.1063/1.3587123
http://dx.doi.org/10.1063/1.2472371
http://dx.doi.org/10.1103/PhysRevLett.105.015005
http://dx.doi.org/10.1103/PhysRevLett.105.015005
http://dx.doi.org/10.1103/PhysRevLett.88.215006
http://dx.doi.org/10.1088/0741-3335/53/2/025007
http://stacks.iop.org/0741-3335/53/i=2/a=025007?key=crossref.fc0888512d2ab6f4080e80934ee33476
http://stacks.iop.org/0741-3335/53/i=2/a=025007?key=crossref.fc0888512d2ab6f4080e80934ee33476
http://dx.doi.org/10.1063/1.2889449
http://dx.doi.org/10.1063/1.2889449
http://dx.doi.org/10.1103/PhysRevLett.111.095001
http://dx.doi.org/10.1103/PhysRevLett.68.480
http://dx.doi.org/10.1063/1.4816332
http://dx.doi.org/10.1103/PhysRevE.69.066414


www.nature.com/scientificreports/

8SCIENTIFIC REPORTS |  (2018) 8:4525  | DOI:10.1038/s41598-018-22422-6

 30. Kodama, R. et al. Plasma devices to guide and collimate a high density of MeV electrons. Nature 432, 1005–1008, https://doi.
org/10.1038/nature03133 (2004).

 31. Neumayer, P. et al. The role of hot electron refluxing in laser-generated K-alpha sources. Physics of Plasmas 17, 103103, https://doi.
org/10.1063/1.3486520 (2010).

 32. Nilson, P. M. et al. Time-Resolved Measurements of Hot-Electron Equilibration Dynamics in High-Intensity Laser Interactions with 
Thin-Foil Solid Targets. Physical Review Letters 108, https://doi.org/10.1103/PhysRevLett.108.085002 (2012).

 33. Baton, S. D. et al. Evidence of Ultrashort Electron Bunches in Laser-Plasma Interactions at Relativistic Intensities. Physical Review 
Letters 91, https://doi.org/10.1103/PhysRevLett.91.105001 (2003).

 34. Santos, J. J. et al. Fast Electron Transport in Ultraintense Laser Pulse Interaction with Solid Targets by Rear-Side Self-Radiation 
Diagnostics. Physical Review Letters 89, https://doi.org/10.1103/PhysRevLett.89.025001 (2002).

 35. Lancaster, K. L. et al. Temperature profiles derived from transverse optical shadowgraphy in ultraintense laser plasma interactions 
at 6 × 1020 W cm2. Physics of Plasmas 16, 056707, https://doi.org/10.1063/1.3133024 (2009).

 36. Malka, G. et al. Fast electron transport and induced heating in solid targets from rear-side interferometry imaging. Physical Review 
E 77. https://doi.org/10.1103/PhysRevE.77.026408 (2008).

 37. Celliers, P. & Ng, A. Optical probing of hot expanded states produced by shock release. Physical Review E 47, 3547–3565, https://doi.
org/10.1103/PhysRevE.47.3547 (1993).

 38. Benuzzi, A. et al. Preheating study by reflectivity measurements in laser-driven shocks. Physics of Plasmas 5, 2410–2420, https://doi.
org/10.1063/1.872917 (1998).

 39. Antici, P. et al. Hot and Cold Electron Dynamics Following High-Intensity Laser Matter Interaction. Physical Review Letters 101, 
https://doi.org/10.1103/PhysRevLett.101.105004 (2008).

 40. Chatterjee, G., Singh, P. K., Adak, A., Lad, A. D. & Kumar, G. R. High-resolution measurements of the spatial and temporal evolution 
of megagauss magnetic fields created in intense short-pulse laser-plasma interactions. Review of Scientific Instruments 85, 013505, 
https://doi.org/10.1063/1.4861535 (2014).

 41. Green, J. S. et al. Single shot, temporally and spatially resolved measurements of fast electron dynamics using a chirped optical 
probe. Journal of Instrumentation 9, P03003–P03003, https://doi.org/10.1088/1748-0221/9/03/P03003; http://stacks.iop.org/1748-
0221/9/i=03/a=P03003?key=crossref.25f4e8f219e4b096e8f3cb71b7f5f07a (2014).

 42. Brenner, C. M. et al. Laser-driven x-ray and neutron source development for industrial applications of plasma accelerators. Plasma 
Physics and Controlled Fusion 58, 014039, https://doi.org/10.1088/0741-3335/58/1/014039; http://stacks.iop.org/0741-3335/58/i=1/
a=014039?key=crossref.f9c817b105c67897a31ddc3ca3bc1a7e (2016).

 43. Hidding, B. et al. Laser-plasma-based Space Radiation Reproduction in theLaboratory. Scientific Reports 7, 42354, https://doi.
org/10.1038/srep42354 (2017).

 44. Bell, A. R., Davies, J. R., Guerin, S. & Ruhl, H. Fast-electron transport in high-intensity short-pulse laser - solid experiments. Plasma 
Physics and Controlled Fusion 39, 653–659, https://doi.org/10.1088/0741-3335/39/5/001; http://stacks.iop.org/0741-3335/39/i=5/
a=001?key=crossref.d21bf622946dabc431d1541c4b45baba (1997).

 45. Davies, J. R. Electric and magnetic field generation and target heating by laser-generated fast electrons. Physical Review E 68, https://
doi.org/10.1103/PhysRevE.68.056404 (2003).

 46. Lee, Y. T. & More, R. M. An electron conductivity model for dense plasmas. Physics of Fluids 27, 1273, https://doi.
org/10.1063/1.864744 (1984).

 47. Perez, F. et al. Single-shot divergence measurements of a laser-generated relativistic electron beam. Physics of Plasmas 17, 113106, 
https://doi.org/10.1063/1.3514595 (2010).

 48. Ridgers, C. P., Sherlock, M., Evans, R. G., Robinson, A. P. L. & Kingham, R. J. Superluminal sheath-field expansion and fast-electron-
beam divergence measurements in laser-solid interactions. Physical Review E 83, https://doi.org/10.1103/PhysRevE.83.036404 
(2011).

 49. Schumaker, W. et al. Ultrafast Electron Radiography of Magnetic Fields in High-Intensity Laser-Solid Interactions. Physical Review 
Letters 110, https://doi.org/10.1103/PhysRevLett.110.015003 (2013).

 50. Langhoff, H., Bowes, B. T., Downer, M. C., Hou, B. & Nees, J. A. Surface energy transport following relativistic laser-solid interaction. 
Physics of Plasmas 16, 072702, https://doi.org/10.1063/1.3158950 (2009).

 51. Singh, P. K. et al. Direct observation of ultrafast surface transport of laser-driven fast electrons in a solid target. Physics of Plasmas 
20, 110701, https://doi.org/10.1063/1.4830101 (2013).

 52. Chatterjee, G. et al. Magnetic turbulence in a table-top laser-plasma relevant to astrophysical scenarios. Nature Communications 8, 
15970, https://doi.org/10.1038/ncomms15970 (2017).

 53. Metzkes, J. et al. Reflective optical probing of laser-driven plasmas at the rear surface of solid targets. Plasma Physics and Controlled 
Fusion  58 ,  034012, https://doi.org/10.1088/0741-3335/58/3/034012; http://stacks.iop.org/0741-3335/58/i=3/
a=034012?key=crossref.b95f17f2b1a44e6e5358d36a57091af3 (2016).

 54. Martinolli, E. et al. Fast electron heating of a solid target in ultrahigh-intensity laser pulse interaction. Physical Review E 70, https://
doi.org/10.1103/PhysRevE.70.055402 (2004).

 55. Kar, S. et al. Guiding of Relativistic Electron Beams in Solid Targets by Resistively Controlled Magnetic Fields. Physical Review 
Letters 102, https://doi.org/10.1103/PhysRevLett.102.055001 (2009).

 56. Davies, J. R. How wrong is collisional Monte Carlo modeling of fast electron transport in high-intensity laser-solid interactions? 
Physical Review E 65, https://doi.org/10.1103/PhysRevE.65.026407 (2002).

 57. Haines, M. G., Wei, M. S., Beg, F. N. & Stephens, R. B. Hot-Electron Temperature and Laser-Light Absorption in Fast Ignition. 
Physical Review Letters 102, https://doi.org/10.1103/PhysRevLett.102.045008 (2009).

 58. Wilks, S. & Kruer, W. Absorption of ultrashort, ultra-intense laser light by solids and overdense plasmas. IEEE Journal of Quantum 
Electronics 33, 1954–1968, https://doi.org/10.1109/3.641310 (1997).

 59. Huang, Y.-s. et al. Hot-electron recirculation in ultraintense laser pulse interactions with thin foils. Physics of Plasmas 14, 103106, 
https://doi.org/10.1063/1.2795128 (2007).

Acknowledgements
This work was supported by the EPSRC (grant numbers EP/J003832/1 and EP/M011372/1). The authors would 
like to thank the staff at the Central Laser Facility for supporting the experimental campaign.

Author Contributions
J.G., C.M., C.R., P.M. and R.G. conceived the experiment, J.G., C.M., P.M., R.G., N.B., D.M., R.D., D.R. and L.W. 
conducted the experiment, J.G., A.M., R.S. and A.R. analysed the results. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/nature03133
http://dx.doi.org/10.1038/nature03133
http://dx.doi.org/10.1063/1.3486520
http://dx.doi.org/10.1063/1.3486520
http://dx.doi.org/10.1103/PhysRevLett.108.085002
http://dx.doi.org/10.1103/PhysRevLett.91.105001
http://dx.doi.org/10.1103/PhysRevLett.89.025001
http://dx.doi.org/10.1063/1.3133024
http://dx.doi.org/10.1103/PhysRevE.77.026408
http://dx.doi.org/10.1103/PhysRevE.47.3547
http://dx.doi.org/10.1103/PhysRevE.47.3547
http://dx.doi.org/10.1063/1.872917
http://dx.doi.org/10.1063/1.872917
http://dx.doi.org/10.1103/PhysRevLett.101.105004
http://dx.doi.org/10.1063/1.4861535
http://dx.doi.org/10.1088/1748-0221/9/03/P03003
http://stacks.iop.org/1748-0221/9/i=03/a=P03003?key=crossref.25f4e8f219e4b096e8f3cb71b7f5f07a
http://stacks.iop.org/1748-0221/9/i=03/a=P03003?key=crossref.25f4e8f219e4b096e8f3cb71b7f5f07a
http://dx.doi.org/10.1088/0741-3335/58/1/014039
http://stacks.iop.org/0741-3335/58/i=1/a=014039?key=crossref.f9c817b105c67897a31ddc3ca3bc1a7e
http://stacks.iop.org/0741-3335/58/i=1/a=014039?key=crossref.f9c817b105c67897a31ddc3ca3bc1a7e
http://dx.doi.org/10.1038/srep42354
http://dx.doi.org/10.1038/srep42354
http://dx.doi.org/10.1088/0741-3335/39/5/001
http://stacks.iop.org/0741-3335/39/i=5/a=001?key=crossref.d21bf622946dabc431d1541c4b45baba
http://stacks.iop.org/0741-3335/39/i=5/a=001?key=crossref.d21bf622946dabc431d1541c4b45baba
http://dx.doi.org/10.1103/PhysRevE.68.056404
http://dx.doi.org/10.1103/PhysRevE.68.056404
http://dx.doi.org/10.1063/1.864744
http://dx.doi.org/10.1063/1.864744
http://dx.doi.org/10.1063/1.3514595
http://dx.doi.org/10.1103/PhysRevE.83.036404
http://dx.doi.org/10.1103/PhysRevLett.110.015003
http://dx.doi.org/10.1063/1.3158950
http://dx.doi.org/10.1063/1.4830101
http://dx.doi.org/10.1038/ncomms15970
http://dx.doi.org/10.1088/0741-3335/58/3/034012
http://stacks.iop.org/0741-3335/58/i=3/a=034012?key=crossref.b95f17f2b1a44e6e5358d36a57091af3
http://stacks.iop.org/0741-3335/58/i=3/a=034012?key=crossref.b95f17f2b1a44e6e5358d36a57091af3
http://dx.doi.org/10.1103/PhysRevE.70.055402
http://dx.doi.org/10.1103/PhysRevE.70.055402
http://dx.doi.org/10.1103/PhysRevLett.102.055001
http://dx.doi.org/10.1103/PhysRevE.65.026407
http://dx.doi.org/10.1103/PhysRevLett.102.045008
http://dx.doi.org/10.1109/3.641310
http://dx.doi.org/10.1063/1.2795128


www.nature.com/scientificreports/

9SCIENTIFIC REPORTS |  (2018) 8:4525  | DOI:10.1038/s41598-018-22422-6

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Time-resolved measurements of fast electron recirculation for relativistically intense femtosecond scale laser-plasma inter ...
	Experimental Results
	Simulations
	Discussion
	Methods
	Acknowledgements
	Figure 1 (a) Schematic of the rear surface optical probe layout for the experiment.
	Figure 2 Experimental data showing reflectivity maps for a 50 μm aluminium foil at 3 different probe times (same shot).
	Figure 3 (a) Radial measurement of area of reduced reflectivity (<90%) as a function of probe time.
	Figure 4 Simulated rear surface bulk temperatures (a) and calculated reflectivity (b) for an electron population injected with a 60 degree half angle with electron recirculation enabled.
	Figure 5 Summary of Zephyros simulation results with and without electron recirculation: (a) Radial measurement of area of reduced reflectivity as a function of probe time (b) Minimum reflectivity recorded as a function of probe time.


