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Outline

Short review of laser-driven ion acceleration
» Fast electron generation in solid targets
» Target Normal Sheath Acceleration
» Limits to TNSA: need for alternate schemes

Surface wave-driven acceleration
> “Peeler” geometry for proton acceleration
» Electron acceleration by surface plasmons
Light Sail acceleration

» Basic scalings

> Issues: transparency, instabilities, multispecies ...
»> Experiments & state of the art

» Extreme intensity: unlimited acceleration?
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Short review of laser-driven ion acceleration
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Breaking of laser-driven surface oscillations

Interaction with solid targets: P \
laser-driven surface oscillations .
P-polarization: E-driven, Q2 = w E%:’
S-polarization: v x B-driven, Q = 2w ¥ |
——
Because of the
short gradient the :

oscillations tend to
“‘break” and give
energy to particles

Electrostatic simulation: self-intersection of
trajectories, wavebreaking and generation of
“fast” electron bunches
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Short review of laser-driven ion acceleration

[e] le]e]e}

Generation of “fast” electrons

Single particle picture: oscillating forces drag
electrons into the vacuum side and push them
back in the plasma after an half-cycle

(strongly non-adiabatic motion)

Popular definitions:

“Vacuum heating” or “Brunel effect” if E-driven at rate w
[Brunel, Phys. Rev. Lett. 59 (1987) 52;

Phys. Fluids 31 (1988) 2714] “J x B” heating if v x B-driven at rate 2w
[Kruer & Estabrook, Phys. Fluids 28 (1985) 430]

Empirical scaling for fast electron temperature

Tt = mec? ((1 +a2/2)1/? - 1)

(so-called “ponderomotive” scaling) ...
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Short review of laser-driven ion acceleration
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Target Normal Sheath Acceleration (TNSA)
Physics: sheath formation by
the fast electrons escaping the
rear target surface
The E-field in the sheath back-
holds electrons and accelerates Laser
ions
Protons from surface impurity
layer favored by initial position
and highest Z/A ratio

sheath
surface layer

J: fast electron current

Naive model:

Sheath potential drop A® ~ T

Energy acquired by a “test” ion &, = ZeA® ~ ZT;
Expected scaling Epa, o (1 +a3/2)'/2 ?
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Short review of laser-driven ion acceleration
[e]e]e] o]

TNSA scaling needs full understanding . ..
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Data survey from experiments with high contrast, short pulse
lasers and solid targets with full proton spectrum available

[A. Macchi, arXiv:1212.06443 (2017)]

Proton energy scales almost linearly with pulse energy (x a?)
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Short review of laser-driven ion acceleration
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Need to go beyond TNSA

- Scaling with pulse energy (even if linear) too low

for applications with short pulse systems

- Proton spectra are typically exponential (thermal-like)

Why protons are not monoenergetic if they originate from the
same position?

- sheath field is inhomogeneous in the
transverse direction

- the proton number is high enough to
screen the space-charge field of electrons Y

— sharp E-field gradient E
— broad spectrum even in planar

1D geometry

protons

‘ T
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Surface wave-driven acceleration
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Proposed “Peeler” Proton Acceleration

“A fs laser (red and s
blue) is incident

on the edge of a |
mlcron-thlck tape Bunching £,
(grey) [...] / _
Abundant elec- st / 4

trons are acceler-
ated forward by the
intense laser.” X Protons

X.Shen, A.Pukhov, B.Qiao,
Phys. Rev. X 11 (2021) 041002
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Surface wave-driven acceleration
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Proposed “Peeler” Proton Acceleration

“...] at the rear
edge a longitu-
dinal bunching
field is established
(yellow).  Protons
(green dots) are
simultaneously

accelerated and

L

leading to a highly =
monoenergetic s Pulse: 45 fs
beam.” 7.8% 1020 Wem ™2

- Target:

E, [Mev] Ne/Ne = 30
X.Shen, A.Pukhov, B.Qiao, d = 50 nm
Phys. Rev. X 11 (2021) 041002
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laser-driven ion acceleration Surface wave-driven acceleration
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Origin of Monoenergetic Proton Spectra

TNSA: fast elec- TNSA PEEL

trons are less than

protons in the layer

which screen the

E-field producing a

sharp gradient ", i z
PEEL.: protons

are less than fast

electrons and the

space charge E-

field on the proton | > i >
layer is spatially All protons experience almost the same field
“smooth”. — monoenergetic acceleration
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Surface wave-driven acceleration
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New electron driver: Surface Plasma Wave

A SPW has the same T
properties eeded to
accelerate electrons v |Ps
as a “bulk” plasma
wakefield:

=

» longitudinal E-component (£,)
» sub-luminal phase velocity v, < ¢ (with v, — ¢ when w,, > w)
— electrons may “surf” the SPW

the SPW exists at the interface between
vacuum and a solid-density plasma

— large number of accelerated electrons
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Simple Model of SPW Acceleration - |

SPW field electrostatic in the wave frame S’

moving with phase velocity 3, = v,,/c with respect to S (lab)
Electrostatic potential in S’:

E, / k
(I)/ — <’}/p kSPW> ek .’Esin k/y/ k;/ _ r)/p — (1 o ﬁg)fl/Q
p
¢ in the co-moving reference frame

The motion is 2D: the energy
gain depends on the “kick an-

gle” from the top of the poten-
tial hill

¢[arb.units]
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Simple Model of SPW Acceleration - I

Assume as the most likely case an electron going downhill along
the z-direction and acquiring an energy W’ = eFEgpy /K’

2
w eFE
W ~ W' ~ 2 p o SP
= = MeC Aspw 5 Qspw =
w MewC

with ejection angle in S , ,
, 2 ¢ in the co-moving reference frame
(for W’ > m.c?)

tan ¢, = Pz
Py

— high energy electrons are
beamed near the surface
(tan ¢ < 1)

¢[arb.units]

Andrea Macchi

Laser-Driven lon Acceleration

CNR/INO



Surface wave-driven acceleration
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Observation of “Surfing” Acceleration

week ending

PRL 116, 015001 (2016) PHYSICAL REVIEW LETTERS 8 JANUARY 2016

Electron Acceleration by Relativistic Surface Plasmons in Laser-Grating Interaction

L. Fedeli,"*" A. Sgattoni,” G. Cantono,**'? D. Garzella, F. Réau,” L. Prencipe,”’ M. Passoni,’

M. Raynaud,6 M. Kvétoﬁ,7 J. ProskaA,7 A. Macchi,l" and T. Ceccotti

'Enrico Fermi Department of Physics, University of Pisa, 56127 Pisa, Italy
*National Institute of Optics, National Research Council (CNR/INO), u.o.s Adriano Gozzini, 56124 Pisa, Italy

SLIDYL, CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette, France
*University of Paris Sud, Orsay 91405, France
*Department of Energy, Politecnico di Milano, Milan 20156, Italy
Laboratoire des Solides irradiés, Ecole Polytechnigue, CNRS, CEA/DSM/IRAMIS,
Université Paris-Saclay, 91128 Palaiseau Cedex, France
7FNSPE, Czech Technical University, Prague 11519, Czech Republic
(Received 30 June 2015; published 7 January 2016)

LaserLAB experiment at SLIC, CEA Saclay
UHI laser: 25 fs pulse, 5 x 10" Wem ™2, ag = 4.8
contrast > 10'% at 5 ps
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Surface wave-driven acceleration
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Observation of “Surfing” Acceleration B quv_

collimated (~ 20° cone) electron emission
: near the surface tangent (¢ ~ 2°)
multi-MeV energy, total charge ~ 100 pC
Fonecs’ tanexscreen Excellent agreement with 3D simulations

Experimental
Simulated 2D
A A Simulated 3D
08
El
S 06
Y
;E- 04
Q
02
0 5 10 15 20

E[MeV]

Andrea Macchi CNR/INO

Laser-Driven lon Acceleration



Surface wave-driven acceleration
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A simulation campaign

Aim: test tolerance of
“peeler” acceleration with  *1
respect to grazing (non-
parallel) & off-axis inci-
dence (in view of sched-
uled experiments) -2

y(um)
o

simulations by J. Sarma & A. Mcllvenny (Queen’s University Belfast)
PIC code EPOCH, 2D Cartesian geometry

I=(0.34—7.8)x 10 Wem™?2, 35 fs, A = 0.8 um, ag = (5 — 19)

ne = 1.7 x 102* em~2 = 100n,, d = 0.8 ym, Ly = (90 — 200) pm
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Surface wave-driven acceleration
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Energy and Charge at Grazing Incidence

Maximum energy and charge " | (a) —
for R _
Cut—off energy doubles with 3.2 as0”
respect to both a = 5° and : Tests.
a = 0° (parallel incidence) <
s 10!
(b)
10 0 ) |
10
- 0 20 40 60 80
L\E) ’ Energy(MeV)
g, Peak charge density ~ 10 pC m~!in
°, 2D corresponds to ~ 780 pC in 3D
, I=3.4x10" Wem™?

af(degree)
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Surface wave-driven acceleration
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Scaling with Laser Intensity

3 x10”

S0 . — 3 .
=a o) . (©
o |
3 2 25
z0 <102 Wem? | 59 i
H —78x10% Wiem?| % . £
g §4n 22
g’ z H
= 530 1815
< 2 3
g g a
S
Y SR “ .
\!\ 10
100 | \M_\L ob=="" : : 05 -* .
0 50 100 150 200 250 o0 12 3 45 6 0 2 4 o 8
Energy(MeV) Intensity x 102°(W/em?) Intensity x 10%(W/em?)

a) electron spectra b) electron “Temperature” ¢) charge density

Grazing angle a = 5°

Temperature largely exceeds “ponderomotive” values

(dashed line)

Peak charge density value ~ 3 x 108 pC m~! in 2D corresponds
to an estimate ~ 1.9 nC in 3D
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Surface wave-driven acceleration
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Parallel incidence

Energy and charge have maxima v
with the laser field displaced (by ¢)
from the target midplane \ — y
104 — \ lasma .
0.4pm
—1.6um = SPW
Z10° :gfnﬁm
=)
S10? :
< 5510
5
Tr |
0 250 300 350 Q85
Ener y )
I = 6 X 1020 WCm7 25 ; ;
total 3D charge ~ 3.4 nC for § = 1.6 um (um)
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Surface wave-driven acceleration
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Proton Spectra from “peeler” acceleration

Highest cut-off

energy is reached for

parallel incidence with %

“shifted” pulse %103

(6 = 2.3 pm) £

Slightly lower <

energy at grazing z

incidence 102t

(o =1.5°) ‘ .

I =6 x10% Wem ™2 0 %0 £ ergy(Mev] ™ 150

Non-perfect alignment yields better results!
J. Sarma, A. Mcllvenny, N. Das, M. Borghesi, A. Macchi,
New. J. Phys. (2022) to be published
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Light Sail acceleration
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Light Sail acceleration: a “dream bunch” of ions?

Energy & efficiency from the accelerated mirror model:

Emax  F? 28 1
my2  2(F+1) T 148 1+F2 .
_ 2Ity,  Zme ap? o onel >
F= pl  Am, CWTp ( _Wncz\>
p
(B<1 = Emax/mpc® =~ F2)2, n~=F?) ’y

¢~10nm, I ~ 10! Wem—2 | prlofs

— F~1 Epax~200MeV, n~05
Coherent motion of the sail — mononergetic ion spectrum

Optimal thickness a( ~ ¢ at the threshold of transparency
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Light Sail acceleration
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Radiation pressure vs heating

The “Optical Mill”
(Crookes’ radiometer)
rotates the opposite way
to that suggested by the
imbalance of radiation
pressure: thermal pres-
sure due to heating
dominates

Enforcing radiation pressure dominance requires to suppress
heating of the surface
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Light Sail acceleration
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Circular polarization quenches heating

Radiation pressure must overcome the fast electrons pressure
Circular Polarization (CP) & normal incidence:

the 2w component of the v x B force vanishes

— longitudinal oscillations and electron heating are suppressed

lons respond smoothly LP CP

to steady force: E Y ~E Y
radla}tlon pressure 2 ! Z 2
dominates the k LIk
interaction 0 - 0

[Macchi et al, Phys. Rev. Lett. 95 (2005) 185003]
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Light Sail acceleration
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Fast electron generation: effect of polarization
1D simulations of laser interaction with solid-density plasma

<0 LP 6=30° <0 CP
15 15
10 10
5 5
0 ol
8 0.30 1(.p.)
: 4 0.15[ —20
!
{ b —
! ot 000 I 50
o —4ls -0.150. -8.0
-10 1238 -10 123 -101 2 3
2/

Linear Polarization: fast electron bunches
at rate w (for 6 = 30°, P-pol.) or 2w (for § = 0°)
Circular Polarization at § = 0°: no fast electrons ((v x B),,, = 0)
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Light Sail acceleration
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Hurdles along the Light Sail route

» working with ultrathin targets requires extremely high
contrast laser pulses to prevent distruction by prepulses

» transverse pulse profile and target bending bring
longitudinal fields back and cause electron heating

» optimal working point (ag = () is at the self-induced
transparency threshold: easy for laser pulse to break
through the target (also favored by target expansion)

» solid target acceleration by laser light is prone to
Rayleigh-Taylor instability

» in multispecies target, different ions tend to separate and a
thin target is disassembled

> ...
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Light Sail acceleration
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Eventually circular polarization does it better

week ending

PRL 119, 054801 (2017) PHYSICAL REVIEW LETTERS 4 AUGUST 2017

Polarization Dependence of Bulk Ion Acceleration from Ultrathin
Foils Irradiated by High-Intensity Ultrashort Laser Pulses

C. Scullion,' D. Doria,"" L. Romaéndni A. Sgattoni, > K Nduéhton D. R Symes P. McKenna,?
A. Macchi,”® M. Zepf, 7S, Kar,! and M. Borghesl
'Centre for Plasma Physics, School of Mathemanrt and Physics, Queen’s University Belfast, Belfast BT7 INN, United Kingdom
LULI, Ecole Polytechnique, CNRS, Route de Saclay, 91128 Palaiseau Cedex, France
3stituto Nud()nule di Ottica, Consiglio Nazionale delle Ricerche (CNR/INO), Laboratorio Adriano Gozzini, 56124 Pisa, Italy
Ccntral Laser Facility, Rutherford Appleton Laboratory, Oxfordshire OX11 00X, United Kingdom
SUPA, Depamnent of Physics, University of Strathclyde, Glasgow G4 ONG, United Kingdom
Dlpmnmento di Fisica Enrico Fermi, Universita di Pisa, 56127 Pisa, Italy
"Helmholtz Institute Jena, 07743 Jena, Germany
(Received 23 May 2016; published 2 August 2017)

GEMINI laser (CLF, UK)
7, =45fs, I = 6 x 1020 W cm™2,
10 — 100 nm thick CH foils

Andrea Macchi CNR/INO

Laser-Driven lon Acceleration



Light Sail acceleration
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Eventually circular polarization does it better
CP yields larger cut-off energies () 10', =P
and spectral peaks for both species o f Frotan —pp

. . = ]{J";- = Noise
e simulations show transparency- = .
limited acceleration and do not repro- ; 10+
duce proton spectrum well CHE
circular polarlzatlon - 3Islfr;ear polar'lz;iélf(;n i ':; 1'“ 15 ) ._}'” 95 3'“
100 Epraton (MeV)
10 o - CP
€ o ¢ —rp
04 — Noise
20 -10°
15% 10%
0; L R e m—
0 0 10 15 20 25
€carbon (MeV /u)
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Light Sail acceleration
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Exploiting the prepulse: acceleration of Carbon ions

PHYSICAL REVIEW LETTERS 127, 194801 (2021)

Selective Ion Acceleration by Intense Radiation Pressure

A. Mcllvenny ,"" D. Doria ,"2 L. Romagnani A,"B H. Ahmed ,"4 N. Bc;)oth,4 E.J. Ditter®,” O.C. Ettlingen5
G. S. Hicks ,5 P. Martin ,' G.G. Scott,"/’ S.D.R. Williﬂmsom6 A. Macchi ,7'8 P. McKenna ,6 Z. Najmudin ,5 D. Neely,"'""
S. Kar®,' and M. Borghesi®"”
'Centre for Plasma Physics, Queens University Belfast, Belfast BT7 INN, United Kingdom
*Extreme Light Infrastructure (ELI-NP) and Horia Hulubei National Institute for R & D in Physics and Nuclear Engineering
(IFIN-HH), 30 Reactorului Street, 077125 Magurele, Romania
3LULI—CNRS, Ecole Polytechnique, CEA, Universit Paris-Saclay, F-91128 Palaiseau cedex, France
; 4Central Laser Facility, Rutherford Appleton Laboratory, Oxfordshire OX11 00X, United Kingdom
°The John Adams Institute for Accelerator Science, Blackett Laboratory, Imperial College London, London SW7 2BZ, United Kingdom
°SUPA, Department of Physics, University of Strathclyde, Glasgow G4 ONG, United Kingdom
Istituto Nazionale di Ottica, Consiglio N nale delle Ricerche (CNR/INO), research unit Adriano Gozzini, Pisa 56124, Italy
xDipam'men/u di Fisica Enrico Fermi, Universita di Pisa, Pisa 56127, Italy

GEMINI laser (CLF, UK)
T, =451, I = 4.5 x 102 W cm ™2,
2 — 100 nm thick C foils with H impurities

Andrea Macchi CNR/INO

Laser-Driven lon Acceleration



Light Sail acceleration
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Exploiting the prepulse: acceleration of Carbon ions

For 15 nm thickness

the energy/nucleon

is higher for Carbon ions
Simulating the ps prepulse
interaction shows removal of
impurity protons (H)

w
<

w
S

Y
[

[}
=3

w

IS

[

Maximum Ion Energy (MeV/p)

(a) o Exp. CO*

oA oat T Energy scaling oc I'2 still
limited by transparency onset

=

= 30 +

% * Exp. 1 25 10 15 20 25 50 100
s Exp. Best fit ;

g o PIC Co* Target Thickness (nm)
>

32‘320 o PICH*

A -

g 10 O

%

<

=

=}

Intensity (102 W/cm?)
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Light Sail acceleration
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Public coverage

PARTICLE THERAPY | RESEARCH UPDATE

physicsworld | a . _ _
Intense radiation pressure enables selective acceleration of

carbon ion beams
07 Dec 2021

Physics Today 75, 1, 19 (2022); https:/doi.org/10.1063/PT.3.4916
 irvor |

Irish boffins’ laser to Alaser selectively Iuckscarlmn uutufafull

Experiments and simulations
help beat cancer show how the shape of a
laser’s profile determines
which target atoms make
up the resulting ion beam

Physics )

A New Trick to Make Short-Pulse
lon Beams

A new laser technique could lead to ultrashort-pulse, high-energy ion
beams for medical use.
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Light Sail acceleration
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What is a dream ion bunch good for?

Energy deposition by ions in " 0 s Sy
matter is strongly localized | ™ -

at the stopping point el ™ AN i

(Bragg peak)

figure: U. Amaldi & G. Kraft, " P e
Rep. Prog. Phys. 68 (2005) 1861 20 e elecfmns"‘z,_'_l ey

carbon fragmentation —-

z ; i
0 5 10 15 20 25 30

(Foreseen) Applications: depth i Water equivalent (cm)
- oncology: ion beam therapy

- triggering of nuclear reactions, isotope production

- production of warm dense matter

- diagnostic of materials

- ultrafast probing of electromagnetic fields
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Light Sail acceleration
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A Carbon ion driver for the FLASH effect?

',' frontiers o Revew

publ
33

in Oncology o 10.3389/0nc.2019.0156%
Ultra-High Dose Rate (FLASH)
Radiotherapy: Silver Bullet or Fool’s
Gold?

Joseph D. Wilson ', Ester M. Hammond "', Geoff S. Higgins'" and Kristoffer Petersson

1,244

! Department of Oncology, The Oxford institute for Radiation Oncology, University of Oxford, Oxford, United Kingdaom,
# Radlation Physics, Department of Haematology, Oncology and Radiation Physics, Skane University Hospital, Lunad, Sweden

For Carbon ions only laser-driven accelerators may deliver the
necessary flux
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Light Sail acceleration
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Extreme intensity: Light Sail “unlimited”?

- Transverse expansion of the target re-

duces surface density p/¢

- Decrease of laser frequency in “sail”

frame delays the transparency onset — —_—

— enhanced acceleration

at the expense of the number of ions
[S.V.Bulanov et al. “Unlimited ion acceleration by
radiation pressure” PRL 104 (2010) 135003]

Energy gain in the relativistic regime is faster in 3D than in 1D:

0-() st {36 6
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Light Sail acceleration
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Analytical model for multi-D Light Sail
Self-similar transverse dilatation r, (¢) = A(t)r, (0)

a(0)

d 21 1-p
a:a(t):m, &(’75”): t ”

D-1
a(0)c? ( )1 + 8

(D=1,2,3)

Impulsive transverse kick by ponderomotive force

dp (t
pgt( ) ~ 7meczar(1+a2(7"7 t))l/Q ~ Qmec2a0r/w (ap>1, r < w)

— transverse momentum scales linearly with position

dA 7o (2) o 9 2 211/2 Meagc? At
— = = t) ~ - ~ 20—
& E0) w0y e
t\" D
Solution in the 1 limit = k=
v > v (Tk> ’ D + 2
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Fast scaling in 3D confirmed by simulations
Laser: 24 fs, 4.8 um spot, I = 0.85 x 102> Wem™2 = 1.5kJ
Target: d = 1 pm foil, n, = 10%3 cm =3
Energy (MeV)

2600
1000

@
3
&
o
&
3
&

1IO 2IO 3‘0 4‘0 5‘0 E;O

YT,
Emax = 2.6 GeV > 4 X 1D prediction (still limited by transparency)
Sgattoni et al, Appl. Phys. Lett. 105 (2014) 084105
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Light Sail acceleration
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Light Sail Rayleigh-Taylor instability

target breakup into a net of
structures with size ~ \
(laser wavelength)

10

1

0 < 0.5
5 - a E
s D S S 2
=) <
-10 S
8

< 0.5

LN
. . . e 71 O
Explanation: Rayleigh-Taylor instability R

stimulated by radiation pressure modulation  fijg|q enhancement in
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Light Sail acceleration
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Conclusions & Perspectives

Need to go beyond TNSA and “re-boost” the field

Surface wave-driven “peeler” acceleration:
> very promising simulation results
(> 100 MeV monoenergetic protons with
present-day-lasers)
» experimental investigation urgently needed

Light Sail acceleration:
» “all-optical” Carbon ion acceleration demonstrated
> interest as a test source for “Flash” therapy
> source optimization and tigther control needed
> promising scaling at “extreme” intensities
(instabilities may be an issue)
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