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I Laser matter interaction )] d'l

nuclear physics

Direct Laser Acceleration (DLA)

In 1957, Veksler envisioned the possibility of ‘coherent acceleration’:
a mechanism in which the accelerating field on each particle is proportional to the
number of particle being accelerated, in contrast with conventional techniques.

V. Veksler, At. Energ. 2, 525, (1957)

Veksler envisioned acceleration

<E>oc Ng= F qu @m Laser

Conventional acceleration technique

<E> x]=Foxg €@ Accelerator
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Direct Laser Acceleration (DLA)

Lawso

IS zero.

nuclear physics

n-Woodward Theorem (J.D. Lawson, IEEE Trans. Nucl. Sci. NS-26, 4217, 1979)
the net energy gain of an electron interacting with an electromagnetic field in vacuum

Theorem axioms:

the laser field is in vacuum with no walls or boundaries present,
no static electric or magnetic field are present,

l.
Il.
I1.
V.

Electr

The region of interaction is infinite,

Ponderomotive effects (non-linear forces, e.g. v x B force) are neglect.

omagnetic wave

_ i(kx—wt)
E, =FEe

A e

Positive
half cycle /\

Negative era)t
half cycl

Average kinetic energy in one cycle
1 pr
(W)==[ F-vdt>0
Al
Average momentum in one cycle

1 nc
<P>=;fOth=0

...No net work is done!
(neglecting B, i.e. low laser intensity)
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nuclear physics

Direct Laser Acceleration (DLA)

Lawson-Woodward Theorem (J.D. Lawson, IEEE Trans. Nucl. Sci. NS-26, 4217, 1979)
the net energy gain of an electron interacting with an electromagnetic field in vacuum

IS zero.
Theorem axioms:

lIl.  nocstatic electric or magnetic field are presen

Conventional
accelerators

Electromagnetic wave Average kinetic energy in one cycle
1 pr

(Wy==[ F-vdt>0
rJo

_ i(kx—wt)
Average momentum in one cycle

EA e

1 pr
P)=—| Fdt=0
st /\ ; =21,

kx-wt
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Paschen's law gives the breakdown voltage

P ~1 atm Air
E, ~ IMV/m

106 — ‘)
105
G
< 10/
>

L Ar|Ne N,
103 1 \_J//
He
102 ‘ ' |
101 100 101 102 103 104 10°

P d (torr cm)

Breakdown Voltage
GAS

P ~1 atm Air E,~ 1MV/m
P ~5atm SFq E, ~ 10s MV/m

SOLID
Porcelain E,~ 5MV/m

Glass E, ~ 100 MV/m

nuclear physics

Tandem Van de Graaff

Brookhaven National Laboratory.

Max particle energy

e X E-field xdistance = Energy

e x few MV/im X

few m

=10 MeV
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RF CaV|ty

n ele
d lh RF ny lt It g illates
II' of 400 MH forward direction.

nuclear physics

CIRCULAR ACCELERATOR RF
Large I:Iadson Colllder % '

RF Cavities of 0.8MV 0
Take 10s s to ~ 50 GeV electrons

Accelerating field 21 MV/m

8 RF Cavities of 2MV = 16 MeV/lap
11245 laps per second = 0.18 TeV/s
Take 10s of seconds to get to ~ 7 TeV protons

Accelerating field 5 MV/m
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RF CaV|ty

n ele ¥S
d lh RF lty lt It g illates feel a force in the
of 400 MH forward direction.

nuclear physics

Laser ion acceleration
E-field > TV/m
106 times higher !

LINEAR ACCELERATOR RF CIRCULAR ACCELERATOR RF
arAcctelerats Large I:Iadson Colllder-' '

RF Cavities of 0.8MV 0 8 RF Cavities of 2MV = 16 MeV/lap
Take 10s s to ~ 50 GeV electrons 11245 laps per second = 0.18 TeV/s
Take 10s of seconds to get to ~ 7 TeV protons

Accelerating field 21 MV/m Accelerating field 5 MV/m
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Direct Laser Acceleration (DLA)

Lawson-Woodward Theorem

nuclear physics

(J.D. Lawson, IEEE Trans. Nucl. Sci. NS-26, 4217, 1979)

the net energy gain of an electron interacting with an electromagnetic field in vacuum

IS zero.
Theorem axioms:

boundaries presen

IV. (Ponderomotive effects (non-linear forces, e.g. v x B@

Electromagnetic wave packet

T = 40fs

\ 4

A

~15 cycles

400TW GEMINI Laser
CLF - Rutherford Appleton Laboratory

A = 800nm

Superposition of plane waves

E[x,t]= f E, "0 gg

2 =C k dispersion relation in vacuum
Average kinetic energy in one cycle
1 pr
(W)=~ f F-vdi>0

Average momentum in one cycle

——f Fdt=0
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Direct Laser Acceleration (DLA)

nuclear physics

In 1957, Veksler envisioned the possibility of ‘coherent acceleration’:
a mechanism in which the accelerating field on each particle is proportional to the
number of particle being accelerated, in contrast with conventional techniques.

How?
Boundaries (Plasma)

Solid
target

vacuum vacuum

- Inverse Bremstrahlung
- Resonance absorption
- Vacuum Heating (or Brunel heating)

V. Veksler, At. Energ. 2, 525, (1957)

Non-linear effects

vacuum

%o

000
OOO

Ponderomotive Force
JxB Heating
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Boundaries (Plasma)

- Inverse Bremstrahlung
- Resonance absorption
- Vacuum Heating (or Brunel heating)

©
&
o
Ey E
. A
o Target
.|/ En normal
B/
k
>
vacuum (@ vacuum

*  Electrons are pushed beyond the skin depth in less than half laser
cycle via direct acceleration or via plasma oscillation modes
* They acquires a velocity of the order of the quiver velocity:
Low velocity =» collisional motion (e.g. inverse Bremstrahlung)
High velocity = collisionless motion (e.g. Resonance absorption)
« They generate a charge displacement that create an electric field

 The electric field accelerates ions
Electron

Kinetic energy

eE, eE,clw
vV . o= = — ) — = q
quiver ) 0
m,w -
¢ _Electron

rest energy

nuclear physics

Dispersion relation of a Light wave in Plasma

2 2 27172 2
w =0 +ck >0, | Vel

wpe ~ 10"® rad/s

a)pe = ’
for solid target
CUZ
Refractive index ne,|l1-—-2£
w2

w > a)pe can penetrate inside

w < a)pe is dumped at the interface

C
0= = skin depth

2
m,
Critical density n =——L% (@, >®,)
drme
M aser = THM n.~ 10s n,
Typical solid o ~10s nm
target density, n, 5c < 1s fs
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Non-linear effects Ponderomotive Force
_ It is generated by spatial gradients in the intensity of the
- Ponderomotive Force electromagnetic wave and it corresponds to the more
- JxB Heating general concept of light pressure
9 Non-relativistic Non-relativistic
o Ponderomotive force Ponderomotive potential
s 2 V(E? w’
8 F =—w—”2eﬁ def U,= p62<E2>
- E ! w 87 Fp =—VUp 81T W
A
Normal__ Target Relativistic —) Relativistic
[ —— normal_ Ponderomotive force Ponderomotive potential
B K 2 2
F,=-m,c"V(y-1) U,=mc (y-1)
vacuum 45» vacuum V= 1-I-aO /2
JxB Heating

At high laser intensity (i.e. relativistic motion of electrons),
JxB component of the Lorentz force becomes comparable

with the transverse motion associated with the electric field
and generates a significant longitudinal push.

Drift velocity of an electron

Lorentz Force
Jxey = Jllv (~ IIE
d—p=—e(E+XxB) ( )

Drift velocity direction
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Light pressure INE
- - - - 0
E<_:|uat|ons of motion _of a free electron interacting 0 \/lolswcmzumz
with a monochromatic plane wave
1 0 0.85 Linear polarization
A(kx—ot) with amplitude A, and E = _ZazA , B=VxA 0.60  Circular polarization
Dimensionless amplitude
Electron 2192
cE p  Ele E’ )L 0.5PW GEMINI Laser
a, = 0 - A02 Km;lc fnergy » a, = )L\/I CLF - Rutherford Appleton Laboratory
ectron
m,cw [ m,cC rest energy A =800nm
1, = 10%" W/cm?
Linear polarization ay ~ 25
— 4 Figure of eight
T=t—z(t)/c o ‘/" . igu ig
Cao 1 : 3
(1) = T+ — sin(2wT NICE 20
(7) 4 [ 2w ( )] s\ ' g
cag . self-emission  _,, ‘»/ Y N —
y(r) = —sinwr s
w Drift velocity
Circular polarization a’
9 o.s 1.)d — 2 C
() cagT ) ag+4
(1) = —— £ oof
4 =0.
cap
y(ir) = — sin(wt 0 e
(1) = —sin(ut/)

C’(IO g

2(1) = F ViR cos(wt/7) .
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nuclear physics

The first laser was built in 1960 by Theodore H. Maiman at Hughes Research Laboratories,
based on theoretical work by Charles Hard Townes and Arthur Leonard Schawlow

Laser acceleration of ions from laser irradiated targets was studied from 1960s throughout
the 90s at laser Intensity below 1016 W/cm?

Laser couples energy into electrons
Faster electrons drag ions
Self-similar model of free expanding plasma in vacuum

C0, lasers , ns, (A~10 pm)

o maua she e mminesy Rubey Rateen Bebiee
. 1 MeV . r
10 - ]
S E g 6) ’o F e .
E |o'b Q’ . - -7 "
s !' LA v
> Ll I 4 " '_" ______ ""_' _________________ §
&) 0 {' '/ 4 E
< | L Y 10 KeV
o) ‘o°r -
S _
Laser Y oLt
1 P S
' »~~"" Data from 1967 to 1983
\6’{ o e g _
0° 10" 107 10 0" w0 10" 07 w0
. |22 (Watts cm2 um?2)
A.V. Gurevich et al, Sov. Phys. JETP, 22, 449 (1966)

S.J. Gitomer et al, Phys. Plasmas, 29, 2679 (1986)
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A

%0 Nonlinear QED: E-e*A.=2mc?

10

25
10 Relativistic protons/ions

Y-rays sources

20 Relativistic electrons V. ~C
1 0 ——  (large ponderomotive pressures)

2
Bound Electrons: E = S:

~€—— mode-locking

1012_ -€— Q-switching

15

10+

Focused Intensity (W/cm?)

-~ tasermuclearphysics ~ =~~~ ~~-~-~-~- -~~~ 7

1960 1970 1980 1990
Chirped pulse amplification (CPA)

G. E. Cook,"Pulse Compression-Key to More Efficient Radar
Transmission", IEEE Proc. IRE 48, 310 (1960)

D. Strickland and G. Mourou, “Compression of amplified chirped
optical pulses”, Opt. Commun. 56, 219 (1985)

nuclear physics

Laser Power
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nuclear physics

rimental Setup

N/

X

,,,,r
)

1 s e
o 7=\ ‘\lx’//

= M - 3
4 7 7«\\»«&; > 3
4 X £
A \
|

oL :r \

~800nm
pulse duration: 10s fs (min.)
energy: 10s to 100s J

Typical laser parameters used
wavelength:

for ion acceleration

focal spot size: ~ few um

Intensity: ~ 1020 W/cm?
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Sheath (surface) acceleration:
(in micron-thick targets)

Shock
acceleration
Magnetic Cc

¢ sheath

o

Laser intensity [W/cm2]
®

.
hot ¢ from Fromt sarface

2 1 I

’ : I

“p -, 1 |
LR Lol

-7 <] ' Solid

i l '

Volumetric acceleration:
(in nanometre-thick targets)

Radiation pressure acceleration Relativistic transparency
Hole-Boring Light Sail (BOA) regime

Plasma electron density 1, [cm3]

.4

”~
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Target Normal Sheath Acceleration (TNSA)

Thin layers of Ponderomotive Energy balance

contaminants electron Target Normal

Sheath Acceleration Ponderomotive push
acceleration

Pre Iasma
1 a

kT, =U, =mc" 1+20 -1

Linear polarization

I,A°
1.38x10" Wem ™ um’

a, =

Acceleration Field

eE A, = kT,
) oK, le ~MV

hot

Ne At rear:

Nhot X
p=—en, =—en,exp| ——
A

~ =10 V/m
0 ~ UM

S.P.Hatchett et al, Phys Plasmas, 7, 2076 (2000)
P.Mora et al, PRL, 90, 185002 (2003)
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Target Normal Sheath Acceleration (TNSA) e

Thin layers of Ponderomotive Target Normal

' electron |
contaminants , oy rget Nomal
acceleration
Preplasma Plasma
expansionfl  go.2ctron sheath

1014

1013

1012

dN/dE/Sr

1011

1010 :
0 5 10 15 20 25

Energy MeV
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nuclear physics

Target Normal Sheath Acceleration (TNSA)
Characteristics

» Broad spectrum (LHC monoenergetic)
* short pulse duration ( < 100s ps)
» diverging beams (10s of deg) (LHC collimated)

relativistic proton beam
n cloud

10J, 100fs laser pulse slectro

aluminum foil <
/ ., Virtual point
7 "" source
Extended
“thermal”

 Low emittance/ high laminarity source

0.1 mmm mrad @ >15 MeV (LHC protons ~ 1.7 )

* High brightness

10" — 1073 protons(ions) in a single shot (>3 MeV) (LHC ~ 10" p/bunch)
» acceleration distance ~ 10s microns (LHC ~ km)
*Accelerating field ~ 10'? V/m (LHC ~ 5x106 V/m)
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R. Clark et al., PRL 85, 1655 (2000)

Target <
Y«;—f" Magnets (0.1 T)
it Pinhole
CR39
” m
and Iozs é] I

+3kV Power

Copper plates supply

(5x10° V/m)

50TW CLF Vulcan System (2000yr)
t, ~ 1ps
A =1054nm

Laser spot (FWHM) of 10um dia.
(p-polarization, at 45°)

Laser energy ~50 J,
Peak Intensity ~ 5x10'° W/cm?
Pb target

- Most of the energy go onto the protons
- Max energy scales proportionally to the charge
- Cleaning from contaminants give more energy to bulk ion

Varying target any ion can easily be accelerated
(not straightfoward with RF accelerators)

nuclear physics

10 T 5
107} Ch
Eo fas
; i gu
] 109 - =10
> g Sos
@ C 0.
8 - \ . lonEnerg) (MeV)
= 3 ]
210° | AN E
o o \ b 36+
- ' 3
< ‘E C6+ \\Pb -
g - \ :: . \ Pb48+
Z10" L b \‘ .
- ' ]
\
1 L - I | 1 ' 1 LI 1 1
3456 3 56 53 45
10 100
on Energy (MeV)
o - High energy
4
- L
£ ol
>
Q
1_ Low energy™-..
= 6 1
g 9 E
o | Maximum :
ol proton |
= 2t sensitivity | -
8ol i
210 g =
£ - I3
= 6f 1
I I
Zo 4l |
L |
2"] 1 1 1 1 I 1 1 1 1 1 1 1 1 : "
5 6789 2 3 4 56789

Proton Energy (MeV)
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R. Clark et al., PRL 85, 1655 (2000) 101 - nuclear physics
E #3.
& Magnets (0.1 T) > - B
» Pinhole ﬁ 10° - ! zio
CR39 S : . Zoﬁn
” \ 8 : ) I"“"\‘ lonEnerg) (MeV)
Pr T \ 3 ! “
and s / % 510%} Lo N 5
s - : ':‘. ‘\Pb36+
-g - z‘,C6+ ‘\ -48+
Copper plates ke POWCJ 2 107 \ ? ' PP
(5%10° V/m) supply \
50TW CLF Vulcan System (2000yr) 3 ase,"'l‘o 53456 '1‘(')0 S as
t ~1ps lon E MeV
A =1054nm on Energy (MeV)

Laser spot (FWHM) of 10um dia.
(p-polarization, at 45°)

Laser energy ~50 J,
Peak Intensity ~ 5x10'° W/cm?
Pb target

- Most of the energy go onto the protons
- Max energy scales proportionally to the charge
- Cleaning from contaminants give more energy to bulk ion

Maximum Ion Energy (MeV/nucleon)

Varying target any ion can easily be accelerated 10 10% 10" 107 10" 10° 10%
(not straightfoward with RF accelerators) 2 (Wem2um?)
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nuclear physics

What do we want from TNSA?

Increasing particle energy
Increasing conversion efficiency
Narrowing the spectral band
Collimated beam

Shorten bunch size

How can we do it?

Reduction of foil thickness

Multi-pulse for shaping proton beam

Target structuring for enhanced coupling
Reduction of mass targets

Enhanced beam properties by post acceleration
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D. Neely et al., APL 89, 021501 (2006) Laser time profile nuclear physics

Power

™ 14 14

CR-39 detector
with Al filter array

Off-axis
parabolic
mirror

Contrast

ASE ~ 1ns %
Target y’ Magnetic spectrometers 108 - ‘%
| [——] Target - °
=L o I normal ~ns
Plasma: i es st i \
MIrTor e ~~IL“ I gZ;i?or T T 1 llllll T LB B | T T T
300 mm == - .
<:;T'nm Q > - 10" 1
45 3 :
20TW Lund Laser Centre System 3 ’
t, ~ 33fs B g T
A =800nm S -
235 .
Laser spot (1/e2) of 10um dia. S 31 -
(p-polarization, at 30°) %
c 25 -]
-
Laser energy ~0.7 J, £ N _
Laser energy after PM ~ 0.3 J (~40%) =
Contrast ~ 108 » ~ 10" 1.5 —
Peak Intensity ~ 10" W/cm? |
1+ A -
Thickness Altargets | i\ e
from 30|Jm down to 20nm 05— L1 ol Lo el oo el 1 tl 111:
107 10" 10° 10' 10°

If no PM is used the ASE will launch a shockwave with Target thickness [um)
the speed of 8um/ns. So that a rear surface of a target  paximum proton energies obtained as a function of Al target thickness

with thickness < few um will be destroyed by the ASE " for on-target contrasts of 1010 crosses. The solid line is a trend line fitted
before the main pulse arrives to the on-axis average for each thickness circles.
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C. Brenner et al., APL 104, 081123 (2014)

Setup ~ps

\
|| Plasma e HoT

contaminants

1PW CLF Vulcan System

t, ~ 800fs
A =1054nm

Laser spot (FWHM) of 30um dia.
(p-polarization, at 45°)

Laser energy main ~180 J

Contrast ~ 10'0 (ns) and ~ 108 (ps)
Peak Intensity main ~ 2.9x10"° W/cm?2
Peak Intensity sec. ~ 3.2x10'8 W/cm?

Time delay btw pulses form 0 to 4ps

Au target 5um thick

(MeV™)

(S8

dN/dE

Number of protons,

nuclear physics

Laser time profile

Power
1 A -.-47
3
0% ASE~1ns & T
10-10| -
- s time
10"
f —— 0 ps delay
—— 1 ps delay
o | ——2 ps delay
10 ; ——4 ps delay
10“
10" -
109 | 2 | v T T T T T T
0 - 10 15 20 25 30

Proton energy (MeV)

Proton energy spectra obtained from 5 pm-thick targets with single pulse
(tyelay = O ps) and double-pulse (tse 0y = 1, 2, and 4 ps) irradiation.
Sample errorbars are shown for the 1 ps delay spectrum.
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C. Brenner et al., APL 104, 081123 (2014) power  0SEr time profile nuclear physics
Setup ~ps 1y ~
(2]
©
| E
\,'\| Plasma € ot 108 [ ASE ~1ns ¢ o
) 10-10| -
-~ s time
e 1013 -
g S — 0 ps delay
£ § —— 1 ps delay
5 = . ——2 ps delay
| —
A100 § = 5 um-thick Au ."g 4 ps delay
°\° ] o normalised simulation data 2
- 1 o 100 gm-thick Au (Markey et al) ~
2 1 ] -
3 10; £ 10"
é—) : VNRA AR (=)
4 A
o i " o
=
£ (5l -
g ] o (=] ]0'0 —
> o o 8=
S W
(=]
o @ =
0.11— : - . =
2 =
Delay between pulses (ps) Z 10 , —

—
N

Laser-to-proton energy conversion efficiency witl 10 15 20 25 30
respect {0 tygs, obtaine_d for _ 5 Im-thick Au target: Proton energy (MeV)

compared to results obtained with thicker (100 Im-thick,

Au targets. Simulated laser-to-proton energy Proton energy spectra obtained from 5 pm-thick targets with single pulse
conversion efﬁciency with respect to tdelay normalised to (tdelay =0 pS) and dOUblG-pUlse (tdelay =1,2,and 4 pS) irradiation.

the single pulse measured value is also shown. Sample errorbars are shown for the 1 ps delay spectrum.
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D. Margarone et al., PRL 109, 482310 (2012)

protons

------- - in)

100TW APRI System
t, ~ 30fs
A =805nm

Laser spot (FWHM) of 5um dia.
(p-polarization, at 22.5°)

Laser energy ~2 J

Laser energy after PM ~ 1 J (~50%)
Contrast ~ 10" (ps)

Peak Intensity ~ 5x10'° W/cm?

Target Mylar 1pm
with nanosphere on front surface (266, 535, 920 nm)

dN/dE [(MeVsr) ']

dN/dE [a.u.]

012

—

o
—
—

—
o
—
o
1

— —

o o
— —
o —
1 1

—
o
w

nuclear physics

TP spectra

Experiment — PET
PET-266

— PET-535

— PET-920

2 4 6 8
E, [MeV]

PIC Simulations — PET
PET-266

— PET-535
— PET-820

2 4 6 8
E, [MeV]

Proton energy distributions from analysis of TP spectra (a) and
PIC simulations (b) for different irradiated targets. The vertical
axis in (b) was rescaled in order to match the experimental
values. The experimental cutoff energy for PET, PET-266,
PET-535, PET-920 is 5.3, 5, 7.5, and 8.6 MeV, respectively. The
PIC simulation cutoff energy for PET, PET-266, PET-535,
PET-920 is 5.2, 7.2, 8, and 8.4 MeV, respectively.
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S. Buffechoux et al., PRL 105, 015005 (2010)

Reduced mass target conceptual

€ ot

TARGET

effect of the electrons transverse
refluxing on sheath field strength

100 TW LULI System

t, ~ 400fs
A =1064nm doubled to 529nm
(for contrast improvement)

Laser spot (FWHM) of 6um dia.
(s-polarization, at 45°, target centre)

Laser energy ~7 J,
Intensity ~ 2x10'® W/cm?

Target Au 2um (constant thickness)
with variable surface areas (few mm to 10s um)

(a)

Thermal emission 2D time-resolved imaging

2pm \(RCF with hole

> —

/" 1P+ Al stack with hole
o . . .

nuclear physics

Variable
diameter D

Magnetic Spectrometer
{70 mm from TCC)

laser ~30mm

(o]
10°

(b)

+

iR

?.

10* 10° 10°

Surface area (um?)
) Setup of the experiment.

10’

02}

(MeV)

hot

0,15

T

0,25 |

0.1

0,05 |

|
]
j
Il

[
l

Pus - b g

(c)
11
T 1 T
111 1

1

10°

10*

10° 10° 107

Surface area (um?)

(a

(b) Effective number of hot electrons in the accelerating sheath Ny,

(c) effective hot electron temperature T, as a function of surface area.
Squares are extracted from the RCF measured proton spectra.

4
1

Maximum proton energy (MeV)

14 +

12 +

10

8l

6 |

48}
" € 7
(a) = (b)
.g 32}
£ 24
+l § 16} + °
8 ¢
l l ; {1 osf ® o

: . . * of =6 9o
o® 10* 10° 10° 107 10° 10% 10° 10°® 107

Surface area (um?)

Surface area (um?)

Data from RCF give (a) maximum proton energies for 2um
thick Au targets of various surface area
(b) laser-to-proton energy conversion efficiencies (for protons

with energy >1.5 MeV) for the same targets.
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S. Kar et al., Nat. Com. 7, 10792 (2016) 101 nuclear physics
o(a) Full beam
100 <-(a) on axis 5 deg cone
9 «(b) on axis 5 deg cone
:
o
d =
100TW ARCTURUS System Energy (MeV)
t, ~30fs (a) 32MeV  46MeV  56MeV = 6.6MeV  7.5MeV

A =800nm 1 ) 33

L t (FWHM) of 4um dia.
aser spot ( ) of 4um dia Yo

Laser energy ~3 J,
Intensity ~ 1020 W/cm?

3.2 MeV 4.6 MeV 5.6 MeV 6.6 MeV
Target Au 10pm
Al Coil 100um wire

- B
int. dia. 700 uym

pitch 280 pm 7.5 MeV 8.2 MeV 8.9 MeV
length 8.7 mm

. . .
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1000 = LI IIIIIII LI IIIIIII LI IIIIIII LI IIIIIII LI IIIIIII o
B A.Macchi, M. Borghesi, M. Passoni, 7
S Rev. Mod. Physics, 85, 751 (2013)
© 10005 _
- f
= - ]
) - i
O
% 100 E_ Nova P E:
- - RAL Vulcay -
o) B RAL Vulcag N
+5 B RAL Vulcaa O|_U .
S 1ok st .
a 10E sate e Experiments =
= _-1j LUND LOA =
£ - | SRCLAY | ® 300fs—1ps
2 ) . % > 100fs — 150ps -
= .4 Tokyo _
X 1F TokyoS - b RN O 40fs — 60fs
= - B Tokyo ® Simulations 1
B O Yokohama ]
1 L1 IIIIII 1 1 I IIIIII 1 L1 IIIIII 1 L1 IIIIII 1 il 1 L1 IIIIII 1 L1 IIIIII 1 L1 IIIIII 1 L1 IIIII_‘
0.1

10" 10" 10" 10" _ 10  10* 102 10  10*
Y. 2 2
IX (W.cm™um)
Maximum published energies: ~100 MeV

Acceleration more effective with higher energy, longer pulses, at equal intensities < 1020 W/cm?
Effective on protons, less so on higher-Z species
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Sheath (surface) acceleration:
(in micron-thick targets)

Shock
acceleration
Magnetic Cc

¢ sheath
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Laser intensity [W/cm2]
®

.
hot ¢ from Fromt sarface
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Volumetric acceleration:
(in nanometre-thick targets

Radiation pressure acceleration Relativistic transparency
Hole-Boring Light Sail (BOA) regime

Plasma electron density 1, [cm3]

.4

”~




- characteristics and issues ) d'l

nuclear physics

Why do we want to go for RPA?

Collimated beam

Narrow-band spectrum (whole-foil acceleration)
High conversion efficiency

Short bunch duration

Faster scaling with intensity

How can we do it?

Ultra-thin foil
Shaping the laser focal spot
Solving detrimental issues



Radiation pressure acceleration
Hole-Boring Light Sail

' =
(R+T+A)=1
T = laser pulse

I
tyg = time to go through F,=QR+ A)S=
lon \fIOCity Surface Area
QR+ A)r I
= W= —oc I7
' mnd ¢ / n

n=mnd |, Areal density

E__~ (IL 2'/77)2 ( non-relativistic )

el

nuclear physics

Relativistic transparenc
(BOA) regime

IL Laser focus: n,
ImaxA n_'c
1 Plasma
0.54 frequency
2
e’ n
Cl)p: — €
15 Y48 &ym,
. DGy =10y
#iy) N W

Decrease in plasma frequency
near the peak of the focus
produces Relativistically Induced
Transparency over a diameter of a
few times the laser wavelength
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Kar, S., et al., Phys. Rev. Lett, 109, 185006 (2012) e By
Schematic of the experimental setup. TP 1 — typical signal
(a) TP1
RCF Stack Detector structure

Plasma
Mirror

1PW CLF Vulcan System

t, ~ 800fs

A =1054
054nm CR39 trac

Laser spot (FWHM) of 30um dia.
(p-polarization, at 45°)

Laser energy main up to 600J
Laser energy after PM up to 450 J (~75%)
Contrast ~ 10"-12 (ps)

Intensity main ~ 1-3x102° W/cm?2

Cu target 50-500 nm thick
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B. M. Hegelich, et al.,, Nature 439, 441 (2006).
A. Henig et al., Phys. Rev. Lett. 103, 245003 (2009)

nuclear physics

Kar, S., Kakolee, K. F., Qiao, B., Macchi, A., Cerchez, M., Doria, D., et al.,

Phys. Rev. Lett, 109, 185006 (2012)
Doria, D. et al., RSI. 86 12, 123302 (2015)

Thomson parabola spectra
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Difficulties in extending scaling due to
transparency and instability issues
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Targets thicker than 500nm show standard continuous, exponential spectra (TNSA)
Peaks observed regardless of laser polarization (LP or CP)

Hybrid scheme where TNSA and RPA cohesist

Theory described in B. Qiao et al, PRL, 108, 115002 (2012)
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Rayleigh-Taylor instability (RTI) nuclear physics

Sgattoni, A. et al., PRE, 91 1, 013106 (2015)

—

110 nifne np/me
PIC code ALADYN and PICCANTE | | R
- ~< -10 .
IR 0.1
Lc =A, nc=64n, s B}
LP =N22, np=8nc : -20.01
0 -
Laser Intensity a, = 198 oo

FIG. 5. (Color online) A 3D snapshot image of the density of
both proton (dark green tones) and carbon (light blue tones) densities
att = 307 In order to make the carbon ion density visible, the proton
density is shown only on the left part (y > 0) of the image.

The early growth of the RTI does not LP 5
prevent reaching high energy of ions in the

radiation pressure-dominated regime.

[10'° part./A?]

The ion beam becomes strongly
modulated and non-uniform as a
consequence of the RTI

FIG. 6. (Color online) Areal density of carbonionsat? = 157 in
3D simulations with the same parameters as in Fig. 5 but for a plane
wave, for circular (CP) and linear (LP) polarization.
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EPOCH Simulations for Linear and Circular polarization nuclear physics
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EPOCH Simulations for Linear and Circular polarization nuclear piysics
Target 10nm Carbon
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EPOCH Simulations for Linear and Circular polarization
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nuclear physics
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EPOCH Simulations for Linear and Circular polarization nuclear piysics
Target 10nm Carbon
Intensity = 4.9x102° W/cm? Time 40fs
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EPOCH Simulations for Circular polarization
Targets 10nm and 5nm Carbon

Intensity = 4.9x102° W/cm?
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Scullion, C., *Doria, D., et al.,, PRL 2017 nuclear physics

Focusing
Off-axis

Off-axis
Parabola F/2
ollimating CCD CCD

Off-axis 1w . . 2w

Parabola
Target

N4
WavePlate

RCF
400TW CLF GEMINI System Seatter
t,_ ~ 40fs Screen

A =800nm

Laser spot (FWHM) of 3um dia.
(S-incidence, i.e. 0°)

Laser energy main up to 13J

Laser energy after PM up t0 6.5 J (~50%)
Contrast ~ 102 (ps)

Intensity main ~ 4.9x102° W/cm?

C target 2-100 nm thick
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Carbon Spectra
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Carbon Spectra
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lon energy versus target thickness and polarization nuclear physics
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* First evidence of polarization dependence for high energy ions from thin foils —
evidence of a transition to RPA

* Evidence of transparency and other issues

C. Scullion, D. Doria et al Phys. Rev. Lett. 119, 054801 (2017)
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Effect of polarization on ion energy nucear physics
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T.Esirkepov, et al. PRL., 92, 175003 (2004) S S B s e s B

4t A simulation -
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FIG. 2 (color). The maximum ion kinetic energy versus time
and the ion phase space projection (x, p,) at t = 80 X 27/ w.

b t=100

Reflected Trarsmitted

The ion density isosurface for n = 8n,, The isosurface for n = 2n,,.
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Near-100 MeV protons via a laser-driven transparency-enhanced hybrid acceleration scheme
A. Higginson et al, Nature Communications 9, 724 (2018)
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Radiation dumping effects on ion acceleration
at ultrahigh intensities ~ 1023W/cm? )
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R. Capdessus & P. McKenna, Phys. Rev. E., 91, 053105 (2015)

nuclear physics
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Efficient ion acceleration and dense electron—positron plasma creation in ultra-high intensity
laser-solid interactions

D. Del Sorbo, New J. Phys. 20 (2018) 033014
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For a standard solid target ion start loosing energy for
laser intensities above 1024 W/cm?Z.
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