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Laser-plasma proton acceleration
Properties of laser proton sources
Potential applications

Laser-driven neutron sources



Light speed surfing on plasma wakes
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Huge gradient (=100 GV/m) + Tiny structures (~10-100 pm)

T. Tajima and J. M. Dawson PRL (1979) LWFA |
P. Chen, J. M. Dawson et.al. PRL (1983) PWFA



Laser proton acceleration

Fast ions

accelerate proton

Electron cldua‘rﬂu E|ECt ron

» very high gradient (~TV/m)
» short bunches (~ps) & small size (~10s um)

Laser proton acceleration has become a _
very active topic since 2000, and significant A. Macchi, et al., Rev. Mod. Phys. 85,
progress has been achieved. 751 (2013)



Target normal sheath acceleration

Laser accelerates electrons (MeV).
Metal foll

Surface contaminant (C,H,0)

Laser:
few.J/~1ps (=10 TW)

[12 >10"8 W cm2 um?2 Target
~ Normal
N Sheath
Acceleration
Laser (TNSA)

Fast electrons create Debye

sheath at rear of target.
E-field at discontinuity (~10"2 V/
Fast electron travel through the target ) accelerate ions to multi-Mev

energies.

TNSA concept proposed by Wilks et al.
S.C. Wilks, et al., Phys. Plasmas 8, 542 (2001)



TNSA beam properties

* Extreme laminarity: rms emittance < 0.01 ®* mm-mrad

(cf. RF Linacs ~ 1 1 mm-mrad)
« Short duration source: ~ 1 ps (AEAt < 10 eV-s) (RF beams > ns)
« High brightness: 10" =103 protons/ions in a single shot (> 3 MeV)

« High current (if stripped of electrons): kA range

« Divergent (~ 10s degrees)
* Broad spectrum

Under several respects very different properties than standard accelerator beams
(RF synchrotron, cyclotrons, LINAC)

Ultracompact: E~1-10 TV/m =10° higher than RF fields
10 MeV acceleration over a uym rather thana m !!

* Synchronized to multi-laser pulses to sub-picosecond.

From M. Borghesi’s slides



TNSA beam properties

Transverse & longitudinal emittance; symmetry & inhomogeneity of the field

thin foil target with transverse emittance = [ 1 (x, px) d o-dpy
contamination layer Pz

extended area
T X A
of emission ’ y

laser incidence

_ ®
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o __ ° o> %@%@@%@ ®
virtual point B~ _ Y e®
source ~-®° 8
emission within >
energy cones I, E, .

propagation in
guasi-neutrality

B For laser plasma accelerators, transverse emittance <4 um mrad are
attained, which outmatches conventional accelerators by a factor of 103
(e.g. 3.5 mm mrad for the CERN SPS). The excellent beam quality can be
ascribed to a very small source size (~15 um).

Phys. Rev. Lett. 92, 542 (2001)



Laser proton acceleration—application
* Probing of strong transient fields in dense plasma on ps timescale

I J « ~1 um resolution
50 uym Ta wire
1 « Imaging with 6-7 MeV protons
N ¢=—=\/ULCAN Laser, 20J, 10*W/cm?

-15ps -Sps M. Borghesi, Phys. Plasmas (2002)

* Picosecond injectors for conventlonal accelerators
Cowan, Phys. Rev. Lett. (2004)

* Fast Ignition for ICF

M. Roth et al., Phys. Rev. Lett. (2001) » Cancer Therapy
i ose S. V. Bulanov et al., Phys. Lett. A (2002)

Hadron Cancer Therapy
— 250MeV, 10°-10%° protons/s

* Proton Boron fusion reaction - DE/E<5%
"B +p— 30 +8.7MeV




Scaling law with laser parameters

Vront = 2¢,In(27) = ¢[2In(w ;1) + In2 — 1].

1 Match with experimental data with
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This scaling is more suitable for long pulses (100s fs - ps scale)
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L aser-driven neutron sources

(a) Spallation Nuclear Reaction (¢) Low Energy Nuclear Reaction
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Eur. Phys. J. A (2023) 59:191
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® Compactness of the source @ Neutron pulse shortness
® Transportability of laser beam @ Single-shot measurement
® Multi-beam availability such as x-ray, electron 11



Laser-driven neutron sources-applications

B Fast neutron (>MeV): alternatives probing tool to x-rays

B Epi neutron (0.1-100 eV): neutron resonance absorption

B Thermal neutron (~25 meV, 300 K): radiographic analysis
"Li(p,n)’Be 1.4 X106 n/sr from H,0 moderator converted from 1.7 X 10°

n/sr

B Cold neutron (<5 meV): diffraction analysis of crystal structures
of metals and proteins

Eur. Phys. J. A (2023) 59:191 12



L aser-driven neutron sources
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L aser-driven neutron sources

Table 1 The configurations of LDNS, the combination of targets, laser parameters and the resulting yield of neutrons generated per a laser shot. CD and CD> indicate deuterated polystyrene
(-CgDg-), and deuterated polyethylene (-C2Da-),, respectively

Author Reaction Target Laser configuration Neutron yield
Primary Secondary Energy Intensity Duration [n/sr] [n/st/]]
11 [Wem—?] [ps]
Lancaster [7] Li(p,n)Be CH LiF 80 3 x 101 1 3.0 x 10° 3.75 x 10°
Higginson [8] Li(p,n)Be Cu LiF 140 1 x 10% 0.7 1.0 x 10% 7.1 x 10°
Higginson [9] Li(d,n)Be CD; LiF 360 2 % 101? 9 8.0 x 108 2.2 x 108
Willingale [10] D(d.n)He CD CD 6 2.6 x 10" 04 5.0 x 10* 8.3 x 10°
Jung [11] Be(p,n)B, Be(d,n) CD,,CH Be 80 5 % 10% 0.6 4.4 % 10° 5.5 x 107
Roth [12] Be(p.n)B, Be(d.n) CD; Be 80 5 x 10% 0.6 5.0 x 10° 6.3 x 107
Zulick [13] Li(p,n)Be CH» LiF 1.1 2 x 107 0.04 1.0 x 10’ 9.1 x 10°
Maksimchuk [14] D(d.n)He D0 ice on Cu CD 6 2 % 10" 0.4 40 x 10° 6.7 x 10*
Storm [15] Li(p,n)Be Si3Ny Li 60 2 x 10%° 0.18 1.6 x 107 2.7 x 10°
Pomerantz [26] photo-nuclear plastic Cu 90 - 0.15 1.0 x 107 1.1 x 10°
Kar [16] D(d.n)He CD CD 220 3 x 10% 8.0 x 10* 3.6 x 10°
Alejo [17] D(d,n)He D,0 ice on Cu CD 200 2 x 102 0.75 2.0 x 10° 1.0 x 107
Kleinschmidt [19] Be(p,n)B, Be(d,n) CD Be 175 2 x 10%° 0.5 1.42 x 1010 8.1 x 107
Zimmer [24] (p.n), (d,n) CD LiF-Be 100 2 x 10%° 0.6 1.43 x 10° 1.4 x 107
Ginther [27] photo-nuclear foam + high-Z metals - 20 ~ 101 0.75 1.11 x 109 5.5 x 107
(p.n) foam + Au - 20 ~ 10" 0.75 4.93 x 10° 2.5 x 10®

Yogo [25] Be(p,n)B, Be(d,xn) CD Be 900 1 x 10" 1.5 2.3 x 10" 2.6 x 107
Arikawa [28] photo-nuclear SUS with crater D, 0 lig. 4 1 x 1020 0.03 1.7 x 107 4.3 x 100

® compactness of the source @ neutron pulse shortness

® Transportability of laser beam @ Single-shot measurement

® Multi-beam availability such as x-ray, electron

14
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lon energy results from 2000

>1J Iaser input
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So far, Maximum proton cut-off energy: 85 MeV
@ 200J, 0.5 ps (PHELIX laser system, Germany)

\ GEMINI, 3J, 50 fs
7 1020 W/cm?

NOVA/RAL PW,
500J, 0.5 ps,

\I- 5 102° W/cm?2

LOA,
800 mJ, 40 fs
6 1079 W/cm?

Conversion efficiency <10%

F. Wagner et al. PRL 205002 (2016)
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Summary

B Abundant and Interesting physics (most are highly
nonlinear) happens in the field of laser proton acceleration.

B A novel ion source with new characters
Ultrashort, high peak current, small size
Relatively big divergence and large energy spread
Low repetition rate (1-10 Hz)

B To fully utilize the LPA potential, it still has a long way to go.

B There are still many physical problems unclear, and models
are mostly based on 1D geometry.

B Searching for a reliable route to guide this field is still
ongoing.



TNSA energy spectra control

B Multi layer with different species @ experiments

10°

Pd foil 108
~Hm
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e
- Quasi-monoenergetic

warbon ion acceleration
@600 K hydrogen contamination
ser pulse | is removed
Heating current: < @1100 K carbon phase transition,
farmation of thin (several monolayers)

graphite layer Energy (MeV/u)

B. M. Hegelich, et al. Nature 439-441 (2006).
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H. Schwoerer et al. Nature 439(7075): 445-448 (2006) "



Vol 439|26 January 2006|dei:10.1038 /nature04492

nature

Laser-plasma acceleration of quasi-monoenergetic

protons from microstructured targets

H. Schwoerer', S. Pfotenhauer', O. Jackel', K.-U. Amthor', B. Liesfeld', W. Ziegler', R. Sauerbrey',

K. W. D. Ledingham™* & T. Esirkepov™®

thin foil target with
proton rich dot

laser incidence

(e |
e —
@ o ——

|

N, =8x108

conversion efficiency homogeneous
=10"° field region

extended charge
distribution

Proton counts (per 50 keV per 24 msr)

1.0 3 107 - @ 1

0.5 = 107 1

Summary: The spectrum of the accelerated protons has a strong correlation to the
initial proton distibution on the target. The accelerating TNSA field features a
homogeneous central field region. Thus, if the proton source is confined to this
homogeneous region and sufficiently thin, the protons will be detached as a whole
and accelerated in a monoenergetic manner.
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Scaling law of monoenergetic proton beam

Paticle-in-cell simulation results
input parameters:

S 1.04

% POLARIS PW laser

g EPOL — 150.] TPOL — 150 1s

é 0_5: dfo(: = 10 jann

T Iror = 1.2 x 102! W /cm?
D.O.

———
0 166 168 170 172 174 176 178
proton energy [MeV]

scaling law of maximum energy for the optimum critical depth

Eontof ~ 228MeV x Z v/ Paser/1 PW —— 228 MeV

B By implementing this dot acceleration technique in a 100 TW laser
system, the proton energy could obtain 72 MeV.

Sebastian Pfotenhauer, thesis (2006)
Esirkepov, PRL 96, 105001 (2006)



Radiation pressure acceleration

M Light pressure

AVAVATAY: 21
(_/\/\/\/\/ I pP==°L 60 Gbar for 1020 Wcm-2
C

B Radiation pressure acceleration

polarization

High contrast
Circular €&

- ] X B no heating component bunching

=
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density

Compressed

... electron layer
electrostatic field x
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©
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density
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TNSA energy spectra control

B Plasma microlens used to focus and select energy
B ps-scale transverse E-fields for simultaneously focusing

14—
= =@= without the micro-lens device
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@ 1E11 4 o
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1E10
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T. Toncian et al. Science. 312(5772): 410-413 (2006) 34567 8 91011 1213

Energy ( MeV) 23



B Conventional permanent quadrupole magnets

10
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TNSA energy spectra control

Z-100TW;E=40),1>5 x 10" W/ecm?

Al 12.7 mm

stainless steel, 6.35 mm

RCF stack 1% PMQ, 17 mm /2 PMQ, 15 mm RCF stack
170 mm I<J}_mm_,| 235 mm
I: I‘ : 14 MeV/u (7%) protons
500 mm
M.Schollmeyer et al, PRL,
o T y e 101, 055004 (2008)
T o " &
g 00 B S. Ter-Avetysian et al,
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§ E . sl 637 (2008)
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2
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Radiation pressure acceleration

e T. Esirkepov et al proposed the concept of radiation pressure
acceleration (RPA) (laser piston model) in 2004.
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Radiation pressure acceleration

e density
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Radiation pressure acceleration

B Henig et al. first demonstrated the RPA process in experiments

at MPQ in 2009.
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A. Henig et al. PRL 103,245003 (2009)
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Radiation pressure acceleration

B In 2012, S. Kar et al also observed spectra peaks via multi-

species @ RAL

(a)

RCF Stack

Plasma
Mirror

dN/dE [in /(MeV/nucleon)/Sr]

Energy/nucleon (MeV)

dN/dE [in /(MeV/nucleon)/Sr]

Energy/nucleon (MeV)

:~2deg
1~ 7 deg
:~13 deg
:Z/A=1
:Z/A=0.5
:Z/A=0.42

100

50-100nm Cu

Contaminations: H, C

5~10MeV/u protons and carbons @ 250 TW,700~900 fs,

FWHM 5um, a0=5-12 (LP), RAL,VULCAN

S. Kar et al. PRL109,185006 (2012)
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RPA experiments

M In 2015, Bin et al @MPQ

nm thick DLC target
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J. H. Bin et al. PRL115,064801 (2015)
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Laser proton acceleration in gas targets
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» Protons are first accelerated by the laser acting as a snowplow in plasma, and then
by the collisionless shock launched from the sharp density downramp.




ATF experiment-|

6

It

— H,, Epp=4 md
— Hj, Epp=23 md
— Hg:-, E,,=150 mJ_

Iy

0.5

1 5 "2 25
Energy (MeV)

CO, laser
2.2TW, 5 ps
w0=65um
a0=1.4

Pre-pulse
25ns earlier

150 mJ for He
4 mJ for H2 (too low, ?)

Controlled prepulse could generate a
steepened, variable front density
gradient.

It is very beneficial for shock formation.
~ 1.2 MeV proton ( ~ 5%)@ BNL-IC

O. Tresca et al. PRL 115, 094802 (2015) 33
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| aser interaction with near- or over-critical

density plasma

Ultrahighi A Electro-
: magnetic  Static
Ultrahigh field B -. |
current density

:'.“ Positrons
@ X-rays,
/M Gamma gays

lons W = Relativistic
ova electrons

D 4;.‘ .
o y

X |
}\.. ® Neutrons
‘v‘{ 2

Nuclear excitation
Nuclear reaction

Lasér pulse
I>10"® W/cm?

2 _ 2 2p2
wy =y +k°C n,e?

., =
W, < W, p

me,

1. H Daido, et al. Proc. 10th Int. Conf. on X-Ray Lasers (Berlin:
Springer) pp 595-605 (2007)
2. H Daido, et al. Rep. Prog. Phys.75 056401 (2012)

Various phenomena

*high-energy electrons
with broad spectra
elons accelerated by
charge-separation
electric field

oX-rays or high-order
harmonics

*THz induced by
surface current
esecondary particles
and radiation (e.qg.
neutrons, positrons
hard x-ray and gamma
radiation,
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Inverse Compton Scattering (ICS) ra

o Doppler upshift : high energy photons
A YA WA with modest electrons energy :

Electron wx:4Y2wO
’ For example :
\/\ﬂ/\/_\ L 20 MeV electrons can produce 10 keV photons
aser
agy.wo 200 MeV electrons can produce 1 MeV photons

The number of photons depends on the electron
charge Ne and ao?: Ny = do?x Ne

Duration (fs), source size (um) = electron bunch
length and electron beam size

Spectral bandwidth : AE/E € 2Avy/vy, v2A6?

Ta Phuoc, et al. Nature Photon 6 (2012)



ICS with 1 laser beam

He gas jet

X rays
e o
.—) —=
50TW /30 fs S
laser Foil, blade G
as
Back reflected laser pulse -  ;— Plasma mirrot

A single laser pulse

A plasma mirror reflects the laser beam —
p m
The back reflected laser collides with the

accelerated electrons

High energy

No alignement : the laser and the Xray beam

electron
beams naturally overlap

Save the laser energy |

Ta Phuoc, et al. Nature Photon 6 (2012)



manre z
photonics:

laverse.C ombliansSealierncSpecire

Al 2.1 mm

Cu 0.5 mm Cu 4 mm

Cul mm Cu 8 mm

Cu2mm Cu 12 mm

T
/

Photons / 0.1 %BW x 104
N
/ |
"/

calculation with test particle :a0=1.2

50 100 150 200 250 300
Energy (keV)

e About 108 ph/shot, afew 10*ph/shot/0.1%BW@100 keV

e Source size less of 1.5 um
e Brigthness: 102! ph/s/mm?2/mrad?/0.1%BW @100 keV

K. Ta Phuoc ef al., Nature Photonics, May 2012





