
Origins of plateau formation in ion energy spectra under target normal sheath
acceleration
Timothy C. DuBois, Evangelos Siminos, Julien Ferri, Laurent Gremillet, and Tünde Fülöp

Citation: Physics of Plasmas 24, 123114 (2017);
View online: https://doi.org/10.1063/1.5008806
View Table of Contents: http://aip.scitation.org/toc/php/24/12
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2041979519/x01/AIP-PT/PoP_ArticleDL_110817/PTBG_orange_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/DuBois%2C+Timothy+C
http://aip.scitation.org/author/Siminos%2C+Evangelos
http://aip.scitation.org/author/Ferri%2C+Julien
http://aip.scitation.org/author/Gremillet%2C+Laurent
http://aip.scitation.org/author/F%C3%BCl%C3%B6p%2C+T%C3%BCnde
/loi/php
https://doi.org/10.1063/1.5008806
http://aip.scitation.org/toc/php/24/12
http://aip.scitation.org/publisher/


Origins of plateau formation in ion energy spectra under target normal
sheath acceleration

Timothy C. DuBois,1,a) Evangelos Siminos,1 Julien Ferri,1 Laurent Gremillet,2

and T€unde F€ul€op1

1Department of Physics, Chalmers University of Technology, Gothenburg SE-41296, Sweden
2CEA, DAM, DIF, F-91297 Arpajon, France

(Received 10 October 2017; accepted 27 November 2017; published online 22 December 2017)

Target normal sheath acceleration (TNSA) is a method employed in laser–matter interaction

experiments to accelerate light ions (usually protons). Laser setups with durations of a few 10 fs

and relatively low intensity contrasts observe plateau regions in their ion energy spectra when

shooting on thin foil targets with thicknesses of the order of 10 lm. In this paper, we identify a

mechanism which explains this phenomenon using one-dimensional particle-in-cell simulations.

Fast electrons generated from the laser interaction recirculate back and forth through the target,

giving rise to time-oscillating charge and current densities at the target backside. Periodic decreases

in the electron density lead to transient disruptions of the TNSA sheath field: peaks in the ion spec-

tra form as a result, which are then spread in energy from a modified potential driven by further

electron recirculation. The ratio between the laser pulse duration and the recirculation period

(dependent on the target thickness, including the portion of the pre-plasma which is denser than the

critical density) determines if a plateau forms in the energy spectra. Published by AIP Publishing.
https://doi.org/10.1063/1.5008806

I. INTRODUCTION

The interaction between an ultra-intense laser pulse and

a thin foil target is a promising technique which may offer

alternative methods of electron and light-ion acceleration.

The latter offer the possibility to overcome limitations in

established systems such as radio-frequency cavity accelera-

tors; for example, small acceleration gradients. Bright,

multi-MeV ion beams are a sought-after capability in many

industries, including, but not limited to medical applications

(isotope production, proton radiography, hadron therapy)

and energy generation (drivers for fast ignition inertial con-

finement fusion). However, without a fundamental under-

standing of the processes involved in the ultra-short time

scales and ultra-high energy regimes of the laser-matter

interaction, these desired beam properties will remain out of

reach.

Whilst advanced acceleration schemes have been pro-

posed (such as hole boring,1 collisionless shock acceleration

(CSA),2,3 light sail4–7 and chirped standing wave accelera-

tion8), experimental investigation is currently predominated

by the famed target normal sheath acceleration (TNSA)

method9–12 (for a detailed overview of ion acceleration

schemes, see review papers by Tikhonchuk,13 Daido et al.,14

and Macchi et al.15). In contrast to the mechanisms men-

tioned above which accelerate ions from the frontside (illu-

minated side) of the target, under TNSA, ions are

accelerated due to a sheath field formed mainly at the back-

side due to fast electron expansion (ultra-short, high-contrast

pulses are able to generate both front and rear sheaths

simultaneously16).

Historically, TNSA has had a number of drawbacks. A

few examples are the relatively poor scaling of ion energies

with increasing laser intensities17 (�I
1=2
L ) and poor conver-

sion efficiency, in general, at high laser powers.18 Even with

these impediments, TNSA continues to be a popular experi-

mental method due to its comparatively simple design and

implementation in contrast to the advanced schemes listed

above. In addition, many of its deficiencies can be offset by

introducing novel laser pulse shapes19,20 or target

designs.21–25 TNSA is still the most robust and stable ion

accelerating mechanism and continues to improve (for exam-

ple, maximum proton energies of 85 MeV with conversion

efficiencies of �7% 6 3% have recently been achieved26).

Therefore, a strong comprehension of the fundamental phys-

ics underlying the laser-plasma interaction is of paramount

importance to generate functional pulse shapes and targets

which satisfy the requirements of perspective applications.

In this paper, we focus on the mechanisms producing

modulations in the ion energy spectra, particularly plateau

formation. This phenomenon occurs regularly in experiments

and is described in the literature,27–33 but is only occasion-

ally investigated in depth.

Early investigations of the TNSA mechanism by Clark

et al.27 identified proton energy distributions with “multiple

peaks which vary in intensity and position between shots”

and “two distinct populations with a ‘flattening’ of the

spectrum.” These peaks were suggestively explained by a

“complex electron spectrum, likely to manifest itself as mod-

ulations in the ion spectra.”

Subsequent experiments noticed that the high-energy

“flattening” or “plateaus” do not form for thin targets

(aluminium targets �2 lm);28 p-polarisation yields the

highest electron conversion efficiency (compared to s- anda)timothy.dubois@chalmers.se
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circular-polarisations)—leading to higher electron energies

and plateau formation;29 and defocusing of the laser spot

removes such a plateau entirely.32

Two distinct hot and cool electron species have been

suggested as the cause of the plateau in the ion spectra,30

where it is assumed that this is due to either natural cooling

or the spatial distribution of the electrons. A strong charge

separation theory manages to use this assumption to predict

maximum energies of experimental observations, although it

still dramatically underestimates the number of low-energy

protons in the spectrum.34

Fang et al.31 is, to our knowledge, the first investigation to

focus solely on this plateau phenomenon, where the existence

of an energy plateau is dependent on the laser intensity contrast.

It was found that the higher the contrasts became, the shorter

the plateau region, inferring a complex proton generation mech-

anism at a relatively low contrast (108) and strongly suggesting

that pre-plasma plays a major part in this mechanism. Plateaus

occurred for a variety of target materials (aluminium and steel)

as well as thicknesses, with targets of 6.5 lm producing the

widest plateau. For thin targets, it was claimed that a stable

acceleration structure may fail to form due to the rapidly form-

ing pre-plasma on the frontside. Finally, the authors investigate

the possibility of a two-process CSA/TNSA mechanism to

explain the plateau phenomena.

Recently, experiments at the Lund Laser Facility inves-

tigated the effect of the target thickness on 3, 6 and 12 lm

thick aluminium targets (see Ref. 33, Fig. 3.7, p. 40). A few

notable observations from this experiment were: the number

of low-energy protons (Ep< 2 MeV) increases with target

thickness, while maximum proton energies are lower and

both the 6 and 12 lm targets observe a plateau region in their

energy spectrum.

In order to gain a better understanding of these experi-

mental and theoretical observations, this paper will investigate

the processes that give rise to the plateau phenomenon using

particle-in-cell (PIC) simulations. We find that a depleted

electron density on the backside of the target (due to electron

recirculation) causes a temporary disruption in the backside

sheath field, disturbing the proton acceleration process.

II. SIMULATION SETUP

The open source PIC code EPOCH35 is the tool chosen

to simulate the plateau phenomenon. To achieve highly

resolved results using realistic target densities and a wide

pre-plasma, the analysis will focus on 1D3P simulations,

leaving higher dimensional comparisons for future work.

Our investigation was inspired by the recent experi-

ments at Lund, and therefore we will use a simulation setup

that resembles the laser profile and aluminium thin foils used

in Ref. 33. The Lund Laser Facility uses a kL¼ 0.8 lm wave-

length beam at the normalised field strength aL¼ 3.5 (IL ’
2.6� 1019 W/cm2) and a measured contrast of �3� 109 at

100 ps before the arrival of the main pulse—presenting a

good estimate of the pre-pulse character. For these experi-

ments, the main pulse duration was tpulse ¼ 38 fs at the full

width, half maximum (FWHM) focused onto a spot size of

3.5 lm (FWHM).

In our simulations, we construct a simple Gaussian time

profile for the laser pulse of duration tpulse ¼ 38 fs, offset by

tpeak ¼ 76 fs, corresponding to the peak intensity of the pulse.

We parametrise time of the simulation below via a t0þN�tL
convention, meaning that the number N of laser periods

tL¼ kL/c after the peak intensity of the laser interacts with

the target (here, t0¼ tpeak þ x0/c, where x0 denotes the loca-

tion of the pre-plasma).

Aluminium foil targets of 3, 6, and 12 lm thickness

were tested in the experimental campaign, of which we will

investigate only the thickest and the thinnest. The following

discussion concerns the 3 lm case, unless otherwise stated.

Parameters which are not explicitly mentioned below do not

differ for the 12 lm target.

The normalised critical density nc for this laser is

nc ¼ x2
Lme�0=q2

e ¼ 1:742� 1021 cm�3; where xL ¼ 2pc=kL;

me and qe are the rest mass and charge of an electron, respec-

tively, and �0 is the vacuum permittivity. In terms of this

value, we calculate the ion density nAl¼ 34.6 nc for the bulk

of the target, corresponding to the mass density of alumin-

ium (2.7 g/cm�3). To simplify simulations, we assume that

ions will be completely stripped of their electrons via the

laser pulse, and set the ionisation degree to Z*¼ 13, then

enforce a quasi-neutrality condition on the bulk electron den-

sity: ne,bulk ¼ nAlZ
*¼ 449.8 nc.

A contaminant layer on either side of the target is

assumed to exist, and is modeled as a thin proton layer, with a

thickness of dH¼ 0.02 lm and a density nH¼ 3 nAl¼ 103.8

nc. There is no general consensus on the density of these pro-

ton layers, since composition, manufacturing, handling and

storage all likely play a role in their formation at room tem-

perature (before any laser interaction). Studies on a gold sub-

strate identify a value of nH � 200nc with a thickness of

10 Å.36 This suggests that our configuration may be an overes-

timate of the actual proton density, although these differences

should not greatly affect the investigation. On the frontside, a

pre-plasma will form before the main pulse of the laser arrives

as a consequence of the amplified spontaneous emission

(ASE) pedestal, but simulating this on PIC timescales is not

technically feasible. Instead, we use a hydrodynamic estima-

tion with a flux density of 2� 1011 W/cm2 simulated in Ref.

31 [Fig. 4(a)], as this is close to the flux density of the ASE

pedestal at Lund. After normalising the coefficients captured

from Ref. 31 to units of nc, we obtain a pre-plasma electron

profile of ne;front¼ 0:0800expð0:0763xÞþ0:0012expð0:7150xÞ.
One more unknown in this instance is the concentration of

contaminants such as carbon and oxygen in the pre-plasma, or

indeed the ratio of protons to ions originating from the bulk

during the pre-plasma expansion process. Quantification of

such values is outside of the scope of this investigation, and for

now, we construct the pre-plasma entirely out of electrons and

protons. The long rising edge (at a very low density,<0.1 nc)

of the pre-plasma is truncated to minimise the computational

complexity, and from these parameters we build a density pro-

file. The electrons yield the most complicated structure, which

is shown in Fig. 1.

An estimate of the plasma’s initial temperature is calcu-

lated from the radiant energy density we¼ (3/2)nekbT, where

the electron density ne¼Z*(T)nAl now includes a
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temperature T dependence. we also depends on T, and to

solve this self-consistent problem, a Thomas-Fermi approach

can be invoked for the ionisation state.37 Using the afore-

mentioned flux density and contrast values of the Lund laser,

we estimate the radiant exposure of He¼ 300 J/cm2 and

therefore radiant energy densities of we¼ 1� 106 and

2.5� 105 J/cm3 for the 3 and 12 lm targets, respectively.

Fitting these values to the Thomas-Fermi model, we find ini-

tial temperatures T0¼ 203 eV for the 3 lm target and

T0¼ 52 eV for the 12 lm target.

Electromagnetic boundaries on the simulation domain

use an algorithm with perfectly matched layers both on the

left and right sides of the box, with the laser injected on the

left side. The box dimensions are over the range x¼ [�50,

50] lm. There are 500 cells per micron, and the electrons,

ions and frontside protons are characterised by 1000 third

order B-spline particles per cell. The backside proton particle

count has been boosted to 750 000 particles per cell to obtain

a clean energy spectrum for each run.

III. EFFECTS OF PRE-PLASMA

Many PIC simulations neglect the effects of pre-plasma

or assume some simple exponential profile. For experiments

with a high enough laser contrast, e.g., from the inclusion of

a double plasma mirror,38 neglecting pre-plasma formation

is warranted. The results in the literature39,40 that employ

such a method agree that the dominant acceleration scheme

is indeed TNSA, yet one does not see a plateau in the ion

energy profile. Therefore, it is important to investigate the

differences we see between these two target profiles and

ascertain if pre-plasma formation is a driving force behind

plateau formation.

First, we show that the pre-plasma has a large effect on

the maximum proton energy. We note that the maximum

proton energy for the 3 lm target is approximately 8 MeV in

the experimental campaign. We do not attempt to directly

confront the experimental data to our simulations, since, in

1D geometry, the TNSA field is longer-lived than under

actual 3D conditions, which tends to overestimate the maxi-

mum ion energies. For a meaningful comparison, we first

consider the time, tmax, spot ¼ t0þ 69tL, at which the ion front

has moved a distance equal to the transverse size of the

sheath field (approximately, the laser spot size). A second

criterion for setting the maximum simulation time is to

identify the isothermal/adiabatic transition, beyond which

the ion acceleration process should greatly slow down (while

the electron cooling dynamics is sensitive to multidimen-

sional effects).41,42 In the present case, we obtain tmax,iso

¼ t0þ 82tL. The backside proton energy spectra for both

stopping times are displayed in Fig. 2(a). Comparing the

maximum energy values (at t¼ tmax) for our simulated 3 lm

targets, we find Emax ¼ 2.5 MeV for the flat version and

8.5 MeV (tmax,spot) or 9.7 MeV (tmax,iso) for the target with a

pre-plasma. Due to dimensional effects, we expect 1D simu-

lations to over-estimate energy, so the low value of the flat

target clearly illustrates the necessity of including some form

of pre-plasma (at the very least, a simple exponential) in sim-

ulations when comparing to experiments without ultra-high

contrasts. A peak is observed in the tmax,spot spectrum, which

can be seen to spread out and dissipate as time evolves to

tmax,iso. To identify the mechanism causing this peak, we

must extend our simulations outside of this tmax bound, and

thus will not discuss direct experimental comparisons here.

In Fig. 2(b), we observe complex electron dynamics as a

result of strong heating on the front side (compare the mini-

mal heating generated by the flat target with no pre-plasma

in the inset). It can be recalled from Fig. 1 that the laser

reflection point is �9 lm into the pre-plasma—heating of the

large under-dense region occurs both from the initial ponder-

omotive excitation and in the partially standing wave formed

by the interference of the incoming and the reflected laser

pulse. The latter effect creates multiple potential wells which

the electrons align to as they heat, creating clumping in the

phase space. The fast electrons generated in the pre-plasma

travel through the target, cross the backside and begin to

recirculate. Recirculation of electrons also occurs on the flat

target, albeit with comparatively minuscule velocities.

Figure 3 depicts the electric field over the 3 lm target

which has two regions of interest relevant to this investiga-

tion: the shock front forming in the pre-plasma on the front-

side at around x¼ 15 lm and the regions of the backside

sheath field that seem to have been disrupted. The streak-like

features in the sheath field at early times (N< 60), which can

be seen in Fig. 2(b) at x � 30 up to x � 40 lm, are due to

small populations of fast electrons which escape the target,

propagating essentially ballistically at �c. The denser streak-

ing occurring later (and at a more acute angle) is a signature

of slower (v� 0.16c), sheath-accelerated ion fronts. A small

depletion region where the field drops from Ex �5 TV/m

down to �0.2 TV/m in the sheath can also be observed here,

which we later show to be attributed to electron density fluc-

tuations due to the recirculation process.

IV. EFFECTS OF PLASMA SPECIES

Peaks in the proton energy spectrum have been observed

previously,43 which manifest via heavy-light ion interactions

after light ion acceleration in the sheath field and separation

due to an electrostatic shock.43–46 These peaks are a feature

of the ion spectra at high energies rather than the low energy

range, and later, we plot an energy spectrum early on in a

simulation, observing a high energy peak generated from the

FIG. 1. Electron density for a 3 lm thick aluminium thin foil target.

Frontside pre-plasma (blue) with a maximum density of 54.1 nc. Bulk

(black), 449.8 nc. Backside proton layer (red), 103.8 nc.
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ion bulk/backside proton interface due to this mechanism

(see Fig. 11).

To investigate definitively whether or not such processes

contribute to plateau formation in the current simulations,

we generate a non-physical pre-plasma target that is com-

posed completely of electrons and protons. In this case, the

ion density in the bulk is set to nH,protons ¼ 449.8 nc, the same

as ne, to keep the quasi-neutrality condition, and all other

parameters remain the same. Figure 4(a) depicts the resultant

electric field, and is mostly consistent with that of Fig. 3

(i.e., the standard pre-plasma target, showing the same mod-

ulations in the expanding proton region). In addition, the

electron distribution [Fig. 4(b)] effectively remains the same,

and the backside proton distribution behaves in the same

manner as the standard pre-plasma simulation. The backside

proton energy spectra are altered due to the fact that the bulk

is now composed of protons, which also accelerate in this

scenario (bulk ions in the standard simulation are mostly

immobile on this time scale). However, both the energy

peaks caused by fast electron activity and peak spreading are

still observed.

V. EFFECTS OF TARGET THICKNESS

Focusing now on the 12 lm target, we investigate the

role of target thickness in this scenario. As discussed in Sec. I,

the decreased maximum energy and the distinct energy pla-

teau are the observed experimental differences.

The electron distribution of the thick target behaves in a

similar manner as the thin one at early times in the simula-

tion: the pre-plasma interaction generates fast electrons

which travel through the target to form and later, disrupt the

sheath field. Figure 5(a) shows the electron distribution func-

tion of the thick, 12 lm target at the point when the disrup-

tion begins.

This distribution can be compared directly to the dynam-

ics of the thin, 3 lm target in Fig. 2(b), as they both display

the breakdown of the sheath field. After this point, however,

the results clearly diverge.

Because of the finite duration of the laser pulse, the

duration of the fast electron beam is also finite. After the first

electrons begin to recirculate, the electron density eventually

decreases significantly in the sheath region, since at some

point more electrons travel back towards the target than

away from it. This is depicted in Fig. 5(c), where the electron

density begins to diminish close to the backside interface

(indicated by the left-most white dashed line at t¼ t0þ 64tL).

The depletion of the electron population leads to a disruption

in the electric field of the sheath as seen in Fig. 6, in which

the sheath field on the rear side notably differs from the 3 lm

target (Fig. 3). The disruption here is no longer a short pause,

but one that lasts for �30tL. We can characterise this time as

the period of the fast electron current tsh � 2d=c, where d is

the distance over which the hot electrons recirculate: the

FIG. 2. (a) Comparison of proton energy profiles of 3 lm thick targets with

(red) and without (blue) pre-plasma at the isothermal/adiabatic phase

boundary tmax,iso. A second pre-plasma spectrum (pink) at tmax,spot gives a

closer estimate to the maximum proton energy. Only protons which have

crossed the backside boundary are counted. A peak is observed in the

tmax,spot spectrum, which is spread out over time to the extent it is no longer

an observable feature on the tmax,iso spectrum. (b) Electron distributions for

the pre-plasma target (main) and the flat target (inset) at t¼ t0þ 53.7tL.

Electron heating is almost non-existent in the flat target’s case, whereas

the pre-plasma case sees large, anisotropic heating, recirculation and

clumping.

FIG. 3. Electric field in the x direction for a 3 lm target with a pre-plasma.

On the horizontal axis, N represents the axis value of the time formula,

where the (dashed, blue) line indicates t¼ t0þ 53.7tL: the time slice of Fig.

2(b). Notice that the sheath depletion begins at this time. The maximum field

strength is �10 TV/m, but the data range has been truncated here to better

visualise the field structure. Two regions on the graph are therefore clipped:

the early TNSA sheath formation region (15<N< 35) and the CSA shock

front (the thin, sharp feature running through time at around x¼ 15 lm). The

dashed, black line marks the time of the energy spectrum of Fig. 11.
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target thickness as well as the pre-plasma region where the

density is larger than the fast electron density (nH � nc). For

the 12 lm target, the period can be estimated as tsh > 45tL
�120 fs: approximately three times that of the pulse duration

(tpulse ¼ 38 fs). This tells us that the head of the fast electron

population will still be travelling to the target backside by

the time the generation of the tail of the population has con-

cluded. After another half period (tsh/2), most of the elec-

trons are travelling in the �x direction [Fig. 5(a)] and the

finite length of the population causes the backside density to

decrease [Fig. 5(c)]. As a consequence, we expect a clear

disruption of the accelerating field. Contrarily, the 3 lm tar-

get has an estimated current period of tsh � 60 fs, thus, the

head of the population has already recirculated and meets the

trapping region generated by the laser pulse interaction, and

as a result, the electron current density at the target backside

is hardly modulated.

For the proton population, the electron depletion means

a decrease in the accelerating field and therefore fewer accel-

erated protons. We see this effect between the dashed, white

markers on the proton density [Fig. 5(d)], and most notably

in the proton distribution after the sheath recovers from the

disruption (Fig. 6). Figure 7 compares the energy spectra of

the 3 and 12 lm targets long into the adiabatic phase at

t¼ t0þ 500tL. The highest energy peaks (around 2 MeV) in

both spectra are due to backside proton acceleration caused

by an electron jet coming from the breakdown of the front-

side shock as it interacts with the target bulk. More impor-

tantly, a plateau region exists between 3 and 5 MeV for the

12 lm case, while no such phenomenon is observed in the

3 lm case (for reasons that will be explored in Sec. VI).

Fang et al.31 concentrate their analysis of the plateau

formation mechanism on two time slices of their data: 120 tL
and 200 tL, and suggest that the CSA protons are the major

driver in the formation of an energy plateau. Frontside pro-

tons are shown to be accelerated by a shock moving through

the bulk at 120 tL reaching the backside at 200 tL. At this

point in time, these CSA protons had not been accelerated

via the TNSA process. However, they conclude that a pla-

teau in the energy spectrum is the result of CSA protons—

stemming from a plot of the spectra at 120 tL.

Our previous work47 investigated the CSA/TNSA inter-

play with highly resolved Vlasov-Maxwell simulations. The

system parameters of that investigation are not widely dis-

similar to the ones in Ref. 31. It was confirmed that the num-

ber density of CSA protons is small compared to TNSA,

even under ideal conditions.3 Also, TNSA expansion on the

backside of the target spreads the shock accelerated ion’s

energy distribution such that they are indistinguishable from

TNSA-only protons.

The current simulations reiterate these findings: a shock

front forms on the front side of the target, which can be seen

in Fig. 8 as a bifurcation of the frontside proton distribution

at around 12 lm. Figures 3 and 6 illustrate the breakdown of

this shock front which accelerates a small packet of frontside

protons through the target. However, this mechanism has lit-

tle effect on the overall result. The largest contribution of the

CSA protons for the 12 lm target is at t¼ t0þ 327tL, where a

peak between 1.85 and 1.95 MeV hits 2.15� 1014 MeV�1

with an entire range between 1.8 and 3.1 MeV, generally

reaching a count of 0.2� 1014 MeV�1 (not shown). This con-

centration is too low and the energy range too narrow to

explain the plateau region via CSA protons alone.

From these findings, we argue that the low number den-

sity and the homogenisation of the CSA protons do not con-

tribute to plateau formation in any meaningful manner.

VI. THE MECHANISM OF PLATEAU FORMATION

We will now proceed to describe the process which, in

our 1D simulations, causes energy plateaus in ion energy

spectra. Energy evolution of the 12 lm target and illustra-

tions of the mechanism are displayed in Fig. 9.

Under stable TNSA, backside protons are accelerated

via a potential due to the quasi-static sheath field, initially

generating energy spectra with very low energy and high

probability (compared to later times). If the field remains sta-

ble for a long enough time, we expect many of these protons

to continue accelerating under a time-varying and non-

uniform electric field, although many will interact in some

form with the environment.

FIG. 4. (a) Electric field in the x direction for a theoretical 3 lm target, with

target and pre-plasma both composed of just protons and electrons. On the

horizontal axis, N represents the axis value of the time formula. Notice no

major differences when comparing with Fig. 3. (b) Electron distribution

function at t¼ t0þ 53.7tL to compare directly with Fig. 2(b). Both plots

show that ion-proton interactions have a minimal effect on the interaction

dynamics.
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Thus, we expect to obtain a broad, disperse energy dis-

tribution of ions in this scenario, where only some of the

accelerated particles reach maximum energies—since the

outermost ions observe the most intense portion of the sheath

field (Row I in Fig. 9).

With the addition of a pre-plasma, fast electron genera-

tion by the laser pulse interaction is enhanced. These fast

FIG. 5. (a) Electron distribution of a

target 12 lm thick with a pre-plasma at

time t¼ t0þ 61tL, representing the

time where a visible disruption begins

in the electric field. (b) The resultant

proton distribution (focused on the low

velocity region) at time t¼ t0þ 94.9tL:

after the electric field recovers. The

visible kink indicates a modified

potential gradient during the disruption

event, characterised by the temporal

dynamics of the backside electron (c)

and proton (d) densities. Time slices

identifying the beginning and the end

of the disruption (dashed, white) high-

light a region of electron depletion as

the population recirculates to the front-

side of the target, resulting in fewer

accelerated protons. The normalised

electron and proton densities have

been clipped here to differentiate the

target and escaping populations.

FIG. 6. Electric field in the x direction for a 12 lm target. On the horizontal

axis, N represents the axis value of the time formula, where the (dashed,

blue) line indicates the t¼ t0þ 61tL time slice of Fig. 5. Dashed, red lines

point out time slices of the first two energy spectra of Fig. 9 and the dashed,

black line marks the time of the proton distribution of Fig. 5(b) and the

energy spectrum of Fig. 11. The maximum field strength is �5 TV/m, but

the data range has been truncated here to better visualise the field structure.

Two regions on the graph are therefore clipped: the early TNSA sheath for-

mation region (15<N< 35) and the CSA shock front (the thin, sharp feature

running through time at around x¼ 15 lm).

FIG. 7. Energy spectra of the 3 lm (red) and 12 lm (blue) targets long into

the adiabatic phase (t¼ t0þ 500tL). A plateau has formed between 3 and

5 MeV in the 12 lm case, which is not observed in the 3 lm spectra.
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electrons observe a longer recirculation period, causing a

drop in backside electron density if there are no more fast

electrons being generated (which depends on the pulse dura-

tion). The time-oscillating character of the electron charge

density at the backside disrupts the sheath when only a low

population of electrons are located there, leading to a tempo-

rary halt in the acceleration of backside protons. The disrup-

tion is initially localised at the target backside, so protons

with sufficient energy are still accelerating under what to

them is still a stable field (Row II). Soon after, the sheath

recovers as electrons re-circulate and obtain a positive veloc-

ity. At this point, more backside protons are swept up and

begin to accelerate as expected. The depleted zone in the

sheath continues to propagate, not entirely in phase with the

higher energy ions. As the zone interacts with the peak,

lower energy ions are not accelerated further (or perhaps,

even decelerated) at the same time as the higher energy ions

continue to move under the still stable sheath (Row III)—

effectively spreading the energy peak into a plateau structure

(Row IV).

This mechanism occurs in both the 3 (thin) and 12 lm

(thick) targets, with Rows I and II of Fig. 9 manifesting in

exactly the same manner if we compare the distribution func-

tions in Figs. 2(b) and 5(a). The time under disruption is the

discerning factor which answers most of the open questions

about plateau formation. Figure 10 shows electron distribu-

tion functions for the a) thin and b) thick targets at

t¼ t0þ 72.4tL: in the middle of the first disruption phase of

the thick target (see Fig. 6).

We see here that although the thin target has regions of

low density in its electron distribution, the recirculation time

for the electrons is much shorter allowing the majority of the

fast electrons to mix and homogenise with the fast electrons

still being generated on the front side by the tail end of the

laser pulse interaction, weakening the TNSA field oscilla-

tions. Electrons in the thick target, however, have only just

begun to reach the frontside again, and the laser pulse is no

longer injecting new fast electrons into the distribution,

yielding a distinct asymmetry in velocity space, generating a

FIG. 8. The proton distribution on the frontside of a 12 lm thick target with

pre-plasma, focused on the shock region at time t¼ t0þ 72.9tL. A similar

shock is also observable on the 3 lm target.

FIG. 9. Energy peak spreading (left),

electric field, backside proton density

(center, blue and green, respectively),

as well as the dynamic regions of the

proton x–px phase space (right) for

four time snapshots of the 12 lm target

with a pre-plasma. See text for details.

In the center frames, the electric field

has been normalised here by the

Compton field Ec¼mecxL/e. Whilst

these frames show the electric field

snapshots for each corresponding time

slice, it is important to note that pro-

tons do not respond to the field instan-

taneously. As such, there is a lag

between the field and the observed

responses in the proton energy spectra.
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density perturbation and potential mitigation of the accelera-

tion of TNSA. This portion of the process is observed Rows

III and IV of Fig. 9 which, in comparison to the case of the

thin target, notably halts low energy proton acceleration and

widens the initial peak to a conspicuous plateau region.

Since the TNSA process is almost completely suppressed for

these 30 laser periods (see Figs. 5 and 6), protons are under

the influence of an intermittent and weakened accelerating

potential compared to those in the thin target, which explains

why higher maximum proton energies are observed experi-

mentally in energy profiles without a plateau.

Figure 11 shows the energy spectra of both the thin and

thick targets just after the initial disruption cycle has com-

pleted, showing a large spectral peak in the 12 lm case. This

early peak will later evolve into an energy plateau, contrary

to the regular energy spectra shown for the 3 lm target. Note

that the 2 MeV peaks discussed in relation to Fig. 7 occur rel-

atively late in time, long after the time scale of this mecha-

nism; therefore, spreading of these peaks is not expected.

Control of the density depletion is possible by altering

the ratio of the pulse time to the period of the fast electron

current. For example, using a pulse length of tpulse ¼ 100 fs

and a 12 lm target, one should not observe a disruption

(recall from Sec. V that tsh �120 fs for the 12 lm target) and

therefore no plateau region should be observable in the

energy spectrum. Figure 12(a) displays the electric field for

this case, where we see no attempt to re-establish a sheath

after a disruption event, just the anticipated TNSA field peak

and a subsequent plateau in the quasineutral expanding

plasma,10 as the interaction evolves and the target cools. As

the pulse duration is longer, initialisation of the sheath

FIG. 10. Electron distributions of targets (a) 3 lm and (b) 12 lm thick with a

pre-plasma. Time t¼ t0þ 72.4tL lies in the middle of the disruption of the

sheath field for the 12 lm case. Compare the symmetry of each process and

note that almost the entire fast electron population is travelling back toward

the 12 lm target at this point in time.

FIG. 12. (a) Electric field in the x direction for a 12 lm target with a pre-

plasma and a 100 fs pulse (FWHM). On the horizontal axis, N represents the

axis value of the time formula. Notice that no sheath depletion occurs due to

recirculation, just dissipation as the electrons escape and cool. (b) Electron

distribution function at t¼ t0þ 94.4tL which, after rescaling to the sheath ini-

tialisation time, should be in the middle of a disruption event. Compare with

Fig. 10(b) and notice the symmetry disparity.

FIG. 11. Energy spectra comparison of two target thicknesses after a com-

pleted disruption event. The 3 lm target (red) regains a sheath field near

t¼ t0þ 57.4tL (see Fig. 3) after a minimal disruption. This causes no obvious

peaks in the spectrum, and hence no plateau region develops in the final

spectrum. The 12 lm target (blue), however, concludes a long disruption

cycle near t¼ t0þ 94.9tL (see Fig. 6), and as a consequence develops a large

energy peak that will develop into an energy plateau in its final spectrum.

The peaks at high energy here are due to heavy-light ion interactions (see

Sec. IV).
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occurs at a later time than the tpulse ¼ 38 fs case, although tsh

is not dependent on the pulse time. Thus, if we observe the

electron distribution within the disruption cycle (compare

Fig. 10), offset to the sheath initialisation time, we see the

dynamics of Fig. 12(b). The distribution is mostly symmetric

in px and causes fewer charge modulations, since there is a

continuous population density of electrons on the target

backside. Altering the pulse duration and verifying the

absence of an energy plateau are therefore an experimentally

verifiable signature to confirm this paper’s hypothesis.

VII. CONCLUSIONS

Laser setups, where the field strength is 2 � aL � 10 and

contrasts in the range of (approximately) 108–1010, shooting

on thin targets with thicknesses of the order of 10 lm

observe a plateau in their ion energy spectra under the TNSA

regime. We identify a mechanism which explains this phe-

nomenon that is dependent on pre-plasma interaction gener-

ating fast electrons from the low density region of the

frontside of the target. Temporal oscillations of the fast elec-

tron charge density at the backside of the target caused by

electron recirculation disrupt the TNSA field for a short

period causing peaks in the ion spectra, which are then

spread in energy from a modified potential (due to electron

recirculation)—forming a plateau. Disruption of the sheath

field hinders continuous proton acceleration; therefore, maxi-

mum proton energies are inhibited in comparison to experi-

ments where no disruptions occur. Protons accelerated by a

shock on the frontside are only a minimal contribution to the

final spectrum, and are mostly irrelevant to the process.

However, the collapsing shock front may assist in further

homogenisation and peak spreading as it dissipates its final

energy.

The study has shown that pre-plasma interactions can

play a non-trivial role in laser–matter experiments, and using

clean slabs in simulations will definitely overlook many of

these interactions. An experimental signature connecting the

laser pulse and target widths has been identified, suggesting

a way to control the plateau formation mechanism in the lab

via alteration of the pulse duration to match a complete elec-

tron recirculation period.

We note that under realistic multidimensional conditions

(i.e., with a finite laser focal spot), the intrinsic angular

divergence of the hot electrons will cause them to expand

transversely through the target, and thus become more and

more diluted around the laser axis, where the fastest ions are

driven.48 In a target thin enough (d< ctpulse/2) that the sheath

electric field does not undergo disruption events, this will

mainly speed up the decay of the on-axis sheath field, reduc-

ing the maximum achievable proton energy. In the thick-

target case (d> ctpulse/2), which gives rise to periodic disrup-

tions of the TNSA field, only a fraction of the hot electrons

will return on axis after each recirculation period. As a

result, the disrupted sheath field will only partially recover,

yielding weaker modulations in the resulting proton spec-

trum. These dynamics are therefore expected to drastically

diminish additional peak formation after the first disruption

event, resulting in smoother proton energy spectra in the low

energy limit (removing some of the peaks visible in the

energy spectra of Figs. 7 and 9).

Furthermore, it is well known that the efficiency and the

properties of hot-electron generation in undercritical pre-

plasma may be sensitive to multidimensional effects. An

important mechanism to consider is the relativistic self-

focusing of the laser pulse, leading to an enhancement of its

local intensity, and the radial expulsion of the plasma elec-

trons by the laser ponderomotive force. The electron dynam-

ics in the resulting ion channel would then differ from that

occurring in a 1D plasma, notably because of a possible cou-

pling between the laser field and the self-generated trans-

verse (electric and magnetic) quasi-static fields, allowing for

electron acceleration to super-ponderomotive energies.49,50

The scenario addressed in our paper, however, only relies on

the production of an electron bunch energetic enough to

drive efficient TNSA, regardless of its detailed energy spec-

trum. The conclusions of the present work should therefore

not be qualitatively impacted in a multidimensional setup.

Understanding the plateau formation process as a pre-

plasma interaction and not an equipment misalignment will

be helpful in the data analysis of current experiments. Future

experiment designs will also benefit from this information in

a multitude of ways. For example, high contrast campaigns

(where pre-plasma is minimal) shooting on multi-layered tar-

gets comprising a low density (under-dense) front side are

expected to experience similar behaviour.
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