QUEEN’S

UNIVERSITY
BELFAST

ESTP1845

lon acceleration in electrostatic field of charged cavity created by
ultra-short laser pulses of 1020-1021 W/cm2

Bychenkov, V. Y., Singh, P. K., Ahmed, H., Kakolee, K. F., Scullion, C., Jeong, T. W., Hadjisolomou, P., Alejo,
A, Kar, S., Borghesi, M., & Ter-Avetisyan, S. (2017). lon acceleration in electrostatic field of charged cavity
created by ultra-short laser pulses of 1020-1021W/cm2. Physics of Plasmas, 24(1), Article 010704 .
https://doi.org/10.1063/1.4975082

Published in:
Physics of Plasmas

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2017 AIP Publishing
This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing.

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Open Access
This research has been made openly available by Queen's academics and its Open Research team. We would love to hear how access to
this research benefits you. — Share your feedback with us: http://go.qub.ac.uk/oa-feedback

Download date:23. Jul. 2024


https://doi.org/10.1063/1.4975082
https://pure.qub.ac.uk/en/publications/99c4b65d-8961-406b-aae6-912be6ebe78e

! I P | This manuscript was accepted by Phys. Plasmas. Click here to see the version of record.

Publishin g Ion acceleration in electrostatic field of charged cavity created by ultra-short laser pulses of
10%-10*" W/em?

V. Yu. Bychenkov' %, P. K. Singh’, H. Ahmed*, K. F. Kakolee®, C. Scullion®, T. W. Jeong™ >,
P. Hadjisolomou®, A. Alejo”, S. Kar*, M. Borghesi’, and S. Ter-Avetisyan™>
'P. N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow 119991, Russia
’Center for Fundamental & Applied Research, VNIIA, ROSATOM, scow 127055, Russia
ICenter for Relativistic Laser Science, Institute of Basic Science (1 ),'G)v%ﬁ] 005, Korea

* School of Mathematics and Physics, The Queen's University of%\Belfast, BT7 INN, UK
Sci

’Department of Physics and Photon Science, Gwangju Institutes e and Technology (GIST),

Gwangju 61005, Kore —~

—~
Ion acceleration resulting from the interaction of ultra-high intﬁziil a-high contrast (~10'%) laser pulses
Pr m,

with thin Al foil targets at 30° angle of laser incidence is studied. imum energies of 30 and 18 MeV are
measured along the target normal rear and front sides, respectively, Sl)owing intensity scaling as I”. For the target
front brone = 0.5-0.6 and for the target rear byqq =0.7-0:8, fofuthe intensity range 10°-10*'W/cm®. The fast
scaling from the target rear ~I1%75 can be attributéd to“the enhancement of laser energy absorption as already
observed at relatively low intensities. The backw‘d\;\‘@ﬁon of the front side protons with intensity scaling as
~1%5 can be attributed to the to the formation of a positively charged cavity at the target front via ponderomotive

displacement of the target electrons at the in hion.of relativistic intense laser pulses with solid target. The
experimental results are in a good agreeme \Q oretical predictions.

The acceleration of ions to multi—Me\\ergies from foil targets has been investigated extensively, over the last

18

decade using intense laser pulses ( 10*° W/cm®). The mechanisms of ion acceleration have been reviewed in

Ref. [1] and the perspectives o
mechanisms, determini
in view of source dZ‘ men

unprecedented 1 erﬁi;::%bqve 10*' W/em?®) with remarkably improved pulse temporal contrast by employing

several techniques

is rgsearch have been inferred. Understanding and controlling the acceleration

g'the fElevant nergy scaling laws and efficiency of the acceleration processes are key steps

r potential applications. The fast developing laser technology enables access to

ch as cross-polarized wave [2], plasma mirrors [3] and saturable absorbers [4]. In this new
intensity re@ime the laser plasma interaction conditions are changing significantly and experiments aiming not only

to obtain/confi {scaling laws, but also to test the different acceleration mechanisms active under these new

5 are e§entia1.

-
The gene

conditio
ly accepted scenario of ion acceleration employing ultrashort laser pulses is that the ions gain their
energy in a'strong quasistatic electric field arising from spatial charge separation due to the displacement of the fast
%:raas created by the laser field. In particular for targets much thicker than the laser penetration length, this
scepario leads to the so-called target normal sheath acceleration (TNSA) mechanism [5]. The energy scaling of
forward accelerated protons with ~50 fs lasers at intensities ranging from ~10" to 10" W/cm? and modest intensity

contrast ratios has been reviewed in [6, 7]. At much higher laser intensities (~10*' W/cm?) and improved pulse
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Publish i<|tpgt ‘ast, the generation of high-energy protons is likely to follow different acceleration scenarios and energy scaling
laws due to the formation of a relativistic skin depth at the target front, arising from relativistic self-induced
transparency, which may have influence also on the acceleration of ions at the target rear.

Experiments, where proton emission was measured along both rear surface and front surface target normal
directions, employing ultra-high laser pulse contrast (10') at intensity 10" W/cm® have shown almost identical

proton energies for target thicknesses from 0.1 pm to 100 pm [8] with maximum g( ton energies up to 5 MeV. It
was confirmed in these experiments that the maximum proton energies are proportional te,the p component of the
laser electric field only and not to the ponderomotive force. More recently, sirCf\S(z;iments irradiating 0.015 —
90 um foil targets at an intensity < 10*° W/cm® have also demonstrated anbﬁust\il etric behavior for protons
accelerated from rear and front target surfaces [9] with maximu r(;@ energies of ~ 10-12 MeV. Those

experiments covering the intensity range 10'® W/em?” - 10*° W/cm? 8,.9] were interpreted on the basis that the same

TNSA concept of ion acceleration applied to both target surfaces. oweve\) in Ref. [10], at laser intensity 2x10%

W/em® and ultra-high pulse contrast, a strong imbalance begfln fo and backward proton acceleration was
observed for targets thicknesses from 0.05 up to 10 pm. axt umaoton energy of about 12 MeV was measured

along the rear surface target normal direction, while from\tfli\t sﬁfface the energies hardly reached 1 MeV. Such
ont

a strong asymmetry in proton energies from target reﬁ%s
created at the target front during the laser inten -iﬂcrg_:iaffecting significantly acceleration at the target front

rfaces may be connected to particular conditions

while at the target rear the “standard” TNSA i§ virtuallysunaffected.

and ultra-high contrast (10'°) laser pulse

Here, we discuss ion acceleration resulting from the interaction of even higher intensities (above 10°' W/cm?)
x il target, paying particular attention to the accelerated ions’
t

energy scaling with laser intensity. Yier\isu explored intensity regime, the Coulomb field of the charged

nonlinear relativistic skin layer is likely to*play an important role in the acceleration of ions from the target front.

The TNSA scenario [11, 12], him‘iht be applicable to the backward front side proton acceleration occurs in an
[1

adiabatic plasma expansi
down rapidly and therefo
at the target rear [1{ is is

r@f)ke TNSA at the intensities discussed here.

Experimefits ifglie intensity regime of 10%°-10*' W/cm? were performed on the Ti:Sa Petawatt laser system at

when the laser pulse terminates. In this regime the electrons are cooled

regi
h! transformed energy to protons is not as effective as it can be in an isothermal regime
it is unlikely that the front side TNSA proton energy can be comparable to the

energy of proto

the Center Rélativistic Laser Science (CoReLS), IBS, Gwangju [15] where particular attention was devoted to

sélling laws for the accelerated ions emitted along the normal direction to both front and rear

Wchematic of the experimental set up is shown in Fig 1. A p-polarized, 30 fs laser pulse, having central
velength of 800 nm was focused using an /3 gold-coated off-axis parabolic mirror on 6 um thick Al foil targets
at an angle of incidence 30°. The focal spot, measured with attenuated laser energy, had nearly 30 % of energy

confined in the 4 pm FWHM. The temporal contrast of the laser pulse was characterized by a scanning third order
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PUb”Shi‘ﬂ'gS . correlator with a dynamic range of 10'°. Employing technique of “saturable absorber” laser pulse temporal
contrast ~5x107'" was achieved in a few ps before main pulse. Additionally, the laser pulse contrast was confirmed
to be high by measuring the proton energies from the thin foil targets: 0.4, 0.2 and 0.1 um. While changing laser
intensity from 2 x 10*° W/em® up to 1.2 x 10*' W/cm® the observed continuous proton energy increase from the
targets front and rear sides suggests that there is no disruption in the interaction conditions in this large intensity
range, which may occur if the pre-pulse level at higher intensities will become sig icantly high to generate pre-
plasma. The latter is expected to make a noticeable change in the interaction dmhich will result in an
observable change in the proton energy scaling when laser intensity is increased.

To position the thin foil in the laser focal plane a target position monitomg%sé: was used with accuracy of
e

few micrometers, as described in [16]. Two Thomson parabola sp@s coupled to absolutely calibrated

T—

microchannel plate (MCP) detectors [17] were employed to record the.energy spectra of accelerated ions along the

rear surface and front surface target normal directions. The solid a

le for i&f collection was 4.7x10” sr in both the
spectrometers. The recorded, parabolic ion traces were analyzgil’:sing TLAB code. Fig. 2 show the raw MCP

2 (P .2(@md 2(d)) and 2.5x10% W/ecm? (Fig. 2(b) and

images obtained following the interaction of 8.0x10%" W/c
2(e)) intense laser pulse (10*'W/cm?, maximum intensity ach ehl the experiment) with the 6 um Al foils, by
employing Thomson spectrometers along the rear ami*,x}:@ normal directions respectively. The raw images
highlight the acceleration of multi-species ions i Wons. The proton energy distributions corresponding to
the ion traces presented in the Fig.2 (a), (b) a d%e e shown in the Fig. 2 (¢) and (f), correspondingly. Cut-off

energies of 30 MeV and 18 MeV for protons from the target rear and front surfaces were measured respectively.

The intensity on target was varied thro }Nt\t

maximum proton energies observed, Wct to laser intensity, in the forward and backwards directions, is

experiment by changing the laser energy. The variation of the

shown in Fig. 3. As expected, the proton eneigy increases with incident laser intensity, reaching a maximum of ~30
MeV (from target rear surfacg), at an‘fatensity of (0.8x10?'W/cm?). The proton energy scales with laser intensity as
g o< I, where at the target front“hy, .y = 0.55+0.05 and at the target rear b,q, = 0.75+0.05 in the 10 - 10*

W/cm? intensity ra:?f h i{fereﬁpe in the scaling for the protons observed along the two directions suggests that
different mechanis H}E‘QZI olved in the acceleration of ion beams from the two surfaces.
m the

rget rear ~1°%7° (i.e. faster than the standard TNSA ~1°° dependence associated with

The fast scaling
the ponderombotive sealing [1]) is similar to that what was observed in the [7] at lower laser intensities and predicted

icalsimulations in [18], where this effect can be attributed to the enhancement of laser absorption with

by the num
the inténsity inc

observedin expéiments at relatively low intensities.

-
gT'I:Leasured maximum proton energies at short laser pulse (7 < 60 fs) interaction with thin foils (I >
M)

se. Forward acceleration of the protons follows a fast-scaling TNSA scenario, as already

0. ere TNSA-like acceleration scheme is applicable, as a function of laser intensity along the target
}/afd\and backward direction is shown in Fig. 4(a) and 4(b), respectively. The tendency of proton energy increase
with increasing laser intensity is apparent and it increases much faster at high intensities than the widely accepted
TNSA dependence VT for both from front and rear side of the target. As a whole the presented results confirm the

possibility of achieving even high energies employing TNSA scheme. The data for forward accelerated protons
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Publish i1|q]g3 1 from the literature (Fig. 4(a)) seems to be showing a trend consistent with the measurements in present study.
However for the backward accelerated protons (Fig. 4(b)) not many data points are available, indicating the
requirements from the laser conditions of high contrast and intensity to accelerate backward protons to 10’s MeV
energy.

Experimentally measured backward accelerated protons energy scaling can be understood in the scenario where

e basis of this idea, we

interaction of high contrast and relativistic laser pulse with solid density plasma cre a charged cavity by the laser
ponderomotive force at the target front which pushes the electrons inside the t: m

propose a qualitative theoretical model of backward proton acceleration during ﬁteraction of high contrast PW

pulses with solid targets. The measurements of the backwards accelerated fens are.broadly consistent with the
proposed scenario. ‘)

A simple model for the penetration of a highly relativistic (a > 4)dase ul"s‘;fﬁto an overdense plasma is based
on the formation of a relativistic skin depth Iy ~a(c/w,.), wheré w,, is Qsze electron plasma frequency, a is the
normalized laser field amplitude, and c is the speed of light. In"such ¢ t the effect of plasma Coulomb field in
self-induced transparency is ignored, which instead became cen‘tB a topic of intense research [19-23]. The
ponderomotive force pushes the electrons deep into the targets the form of a moving electron density spike and
produces a charge separation layer (a cavity in a real&E&@ etry) extending from the target’s edge to the laser

pulse front. The transverse ponderomotive force

th&],wjulse isolates the charged cavity from the surrounding
plasma similar to what happens in a hole-bgring scenario [S]. The electron spike experiences a strong restoring
electrostatic field due to the charged layer l}hﬁd, unless a balance between the Coulomb force and the
ponderomotive force is achieved. Such bgﬂ\\bgi a rough estimate of the nonlinear relativistic skin depth [24],
INE as

\ o

NL
~a—— 1
sk wne' ( )

which is roughly the optim %658 to produce ions with maximum energy [18]. In Eq. (1) n, is the electron
plasma density and n, is%]f:iron itical density.
el

In a steady-state snod oé:ularly polarized laser pulse in the relativistic cold-fluid approximation [19, 22]

the total charge of the clec spike Qés) is equal to the total ion charge in the cavity of depth INF. As a result, the

electrostatic field"near the plasma front side, shown schematically in Fig. 5(a), prevents backward ion acceleration

i eractiorSrea, leading to Qgs) < @;. The electrostatic field resulting in this situation is schematically shown in Fig.

5(b);sand
legtrie field profile as shown in Fig. 5(b) is typical for a wide range of laser-plasma parameters (e.g. Fig. 9 in Ref.

ay now accelerate ions in the backward direction. Note, that even for circularly polarized pulses an

[23]) and clearly differs from the predictions of cold fluid theory.
Let us consider the Coulomb expansion of a positively charged layer of length [¥* with light ions (protons)

distributed as an impurity near the plasma-vacuum boundary. The impurity will be accelerated from the target
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Publishisugfice by the electrostatic field E = 4mq. Ly , where q, is the charge density of the nonlinear skin layer. If the
inner side of the charged layer within the target coincides with the electron spike with total charge Qés), this field

will be reduced by (1 — QS) / Q; ) times and therefore:

(8)
E = 4nq V(1 - (2)

Qi s/
A proton in the field of Eq. (2) gains an energy, ¢, at a distance equal to the radius’ R,\%elaser focal spot, given

by 3

?\ 3

by ¢eleetrons diffusing from the electron

e = 4meq INER (1— £

The charge density g, within the charged cavity is also partly neutraliz
—

spike or entering the cavity from the transverse directions. Correspondingly, g4 = Zen;q(1 — ,EC) /Q;),orq, =

eng(l— QE,C) / Qi) where Ze is the ion charge, n. ;o is the@ctron ion) target density, and QS,C) is the residual

)

By using Eq. (1), we rewrite Eq. (3) for the proton gut of rg&‘i'n the following form:

(©)
wR
£~a— I—Qe — = |myc? < I %
c Q;
where a = 0.85A[um]/I[108W /cm?], A= ohﬁth ser wavelength, and I is the laser intensity. The estimate

of Eq. (4) shows that maximum proton engrgy do

total electron charge in the cavity.

5 om‘epend on the laser wavelength and has a square root scaling

with laser intensity. Standard TNSA , where T}, is the typical hot electron energy (“temperature”).

For the ponderomotive scaling [5]: T, abssavhere the absorbed laser intensity may itself nonlinearly depend on

I through the absorption coef] A(), i.e¥ Iys = A() X1 (e.g. [18] ). Since for TNSA protons € « T}, the

intensity dependence of cavity,acceletated protons is expected to be weaker than for TNSA if the absorption

coefficient increases wit 1ntel}sity

The estimate in Eg. (4) S np{ account for a possible electron cloud near the target front side due to the effect

of vacuum heatings 1.e., so.called [V X B] [25] or/and Brunel [26] electrons. This is why Eq. (4) may somewhat

aximum proton energy. However, if the vacuum electron density is not large, << anc(l —

0 /0) (s 052/
Ther effects eéctron spike charge loss and cavity charge neutralization (Q;) are very important. They

overestimate th

e estimate (4) should hold.

dependon the lsser pulse temporal and radial shape and should be studied in detail using multi-dimensional PIC

sifnulations. an example, if assume approximately the same ~70% neutralization for both spike and cavity by

electrons, béc)~ 09~ 0.7Q;, one obtains from Eq. (4) & ~ 18 MeV for I ~1.4 X 10*' W/cm® and R =2 pum
Wording to the model discussed above, a field distribution as shown in Fig. 5(b) is sustained at the target front
sugface as long as the laser pulse irradiates the target. Therefore, a “standard” TNSA expansion is constrained at the
front surface within the pulse duration- while it applies to the ion acceleration from the target rear. Standard TNSA

expansion from the front can only start after the end of the pulse — at this stage however ion acceleration will be
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Publishiingfective due to the rapid cooling of electrons in the adiabatic plasma expansion [13], with the electron energy
decreasing rapidly as (a)p,'t)‘2 [13].

An estimate of hot electron density from the balance of energy fluxes gives: n, = an./v2, that allows to
estimate wp; (ion Langmuir frequency) and the energy of TNSA protons from the target rear using € = 0.3 5aln?(a)
from [27], which extends the TNSA model [14] for two electron temperatures plasmaz laser generated hot electrons
and cold target electrons [28]. For absorption A = 25 % and I ~ 1.4 x10*' W/cm® 'K timate gives about 30 MeV.
If one assumes a weak absorption dependence, as in Ref. [18]: A ~ I®2, the ion‘en %ﬁpg from [14] becomes

1°75. On the other end, the slower scaling observed at the target front, as¢compart to the target rear, is broadly

consistent with the predictions of equation (4) and with the charged cavit

acceleration model presented earlier.
To summarize, ion acceleration experiments carried out at intensit lb =10?' W/cm? and very high temporal

contrast, have shown a clear asymmetry in energy scaling for prgtons  accelerated along the target normal in the

forward and backwards direction. To explain this difference, we propose a new model of backward ion acceleration

in the Coulomb field of the charged nonlinear relativistic s in'-iayer created by the interaction of Petawatt laser
pulses with solid target. During the interaction, at the frong surface :)Bthe target, a charged cavity is produced by
laser ponderomotive force pushing the electrons inside‘the targ rg.s-ﬁlting in a large electrostatic field at the laser-
target interface, which accelerates protons to high energy in‘the backward direction. While the scaling from protons

emitted at the target rear (~ I°7°) is consistent wi previeusly published TNSA models for this interaction regime

[17], where an intensity—dependent absorption iacrease“lgads to a more effective scaling than the widely accepted

TNSA dependence V1 , the scaling of thefions the front surface remains close to a V1, dependence. We argue

that the observed asymmetry and the front-s scaling can be explained on the basis of our model. We also show

that the cut-off energies observed in th Mm are also broadly consistent with the model, although clearly this

cannot describe in detail the whole processes which are obviously more complex than our assumptions. Multi-

dimensional simulations and“a better eharacterization of laser-target parameters are needed to get a more refined

estimate of the relevant aSl’I‘I}:l p ters and to elucidate the consequences (if any) of this scenario on proton
energies accelerated ?dm therear yrface of the target, e.g., if there is any correlation between rear and front surface
acceleration.

This work was s@@ the Institute for Basic Science (IBS) under IBS-R012-D1. The authors acknowledge
funding from/EPSRG; through grants EP/J002550/1, EP/L002221/1, EP/K022415/1, EP/J500094/1 and from

Russian Fou ﬁ/on f? Basic Research through grants 15-02-03042 and 16-02-00088.
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AllP

Publishing Figure capture
Fig. 1. Sketch of the experimental set up. Laser pulse is focused onto a Al target at 30° of incidence. The
accelerated ions along the rear surface target normal and front surface target normal directions are measured by

Thomson parabola spectrometers.

Fig. 2. Raw parabolic traces of ions accelerated along a) and b) rear surface target normal and d) and e) front
surface target normal directions at the intensities of 8x10*° W/cm® for a) and d) and#2.5x10%° W/cm? for b) and e).
Scan of proton energy distribution in ¢) forward and f) backward directions.

Fig. 3. Intensity dependent proton cut-off energies for Al target with a thickn )f 6 um along the target normal
a) front and b) rear directions.

Fig.4. The measured maximum proton energies at short laser pulse g)-@,interaction with thin foils (1>0.1
um), where TNSA-like acceleration scheme is applicable, as a function of'laser intensity from the a) rear and b)
front side of the target. The published results are taken from the refeérence shswn in square brackets.

Fig. 5. Schematic representation of the laser intensity !Elﬁé), ele and ion densities (brown and green,
correspondingly) and the electric field (red) near the target frontside fona) Qés) = @Q;,and b) Qés) <Q;
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