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USPAS16 Course Lectures Timeline

« Monday
— Lecture 1: Basics of accelerators and the art of inventiveness
— Lecture 2: Transverse dynamics
— Lecture 3: Synchrotron radiation

« Tuesday
— Lecture 4: Synergies between accelerators, lasers and plasma
— Lecture 5: Conventional acceleration
— Lecture 6: Plasma acceleration

« Wednesday
— Lecture 7: Light sources
— Lecture 8: Free Electron Lasers
— Lecture 9: Proton plasma acceleration

« Thursday
— Lecture 10: Advanced beam manipulation |
— Lecture 11: Advanced beam manipulation Il
— Lecture 12: Inventions and innovation in science & future directions
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Proton and ion plasma acceleration

* Motivation
 DNA and radiation effects
« Conventional approaches

 Basics of ion acceleration with high intensity lasers
— Sheath acceleration
— Radiation pressure acceleration

e Beam driven acceleration
— Electron beam driven
— Proton beam driven

}AI USPAS Course 2016, A. Seryi, JAI
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/ Accelerators for science and society

John Adams Institute for Accelerator Science

Accelerators: high energy physics, nuclear physics, healthcare security, energy, life
science, novel materials, industry...

Tens of millions of patients receive accelerator-based diagnoses
and treatment each year in hospitals and clinics around the world

All products that are processed, treated, or inspected by particle beams $
have a collective annual value of more than $500B ﬁ

The fraction of the Nobel prizes in Physics directly connected to
accelerators is about 30%
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Particle
accelerators
for medical use

Most of them are used
to treat cancer

with X-ray beams
(radiotherapy)
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Home > News & events > News archive > 2014

News archive

£110 million for research into personalised cancer
2 treatments
23 October 2014

A new university and business partnership is receiving £35 million of public
investment in research to drive innovation and growth.

Note significant
difference of
___ distribution of
dose for X-rays
and protons

- Ny The funding will support the establishment of the Precision Cancer Medicine Institute
- (PCMI) at the University of Oxford, in collaboration with Oxford University Hospitals
Trust. The PCMI will research a wide range of cancer therapies, including the use of
genomics and molecular diagnostics, advanced cancer imaging, trials of new drugs,
minimally invasive surgery and proton beam therapy. The project will receive £35 million
of funding from the UK Research Partnership Investment Fund (UKRPIF), and has
attracted an additional £75 million in private investment.
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Photon-matter interaction

Interaction probability
per unit length (a.u.)

1
Photon energy, MeV

Photons penetrating through a medium will lose their energy due to several factors
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Bragg peak

In contrast to photons,
charged particles lose their

energy in matter primarily dE/dx A
through a Coulomb interaction 3
with the outer-shell electrons Penetration range for
of the absorber’s atoms protons in water:
PN 250 MeV — 38 cm
o o . 'Y 200 MeV — 26 cm
Excitation and ionization of ; 150 MeV — 15.6 cm
atoms result in a gradual 100 MeV — 7.6 cm
. 50 MeV —2.2cm
slowdown of the particle.

A slower moving particle will
interact with an atom for
longer time, resulting in a
larger energy transfer

A
Therefore, the charged rofo,,
particles will have an S
increased energy loss per
unit length at the end of their
passage through the medium

Bragg peak — the peak in energy loss that occurs just before the
charged particles come to a complete stop (William Bragg, 1903)
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Bragg peak is the
reason why

protons are better
for treatment
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Giant £132m investment in cancer
research at Oxford University

vJ

- - 23 OCT 2014 - = = s e
i ! * £110m Precision Cancer Medicine Institute to be established, with £35m Hefce grant
| » New institute will include research on the use of proton beam therapy
» £22m Centre for Molecular Medicine to focus on cancer genomics and molecular
diagnostics, through a partnership with the Chan Soon-Shiong Institute
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DNA response to radiation

X-Rays Consequences
Direct effect s
|.e...
Indirect effect \ . Temporary cell cycle
S > g Single-strand break

H OH —> = arrest (M, G1, S or G2

.9:}._) H phases)
............................................... Inhibition of transcription’

replication, chromosome
segregation = Cell death

s Double-strand break

Small Compounds,

Oncology Drugs _.- Inter-strand cross-link

LX Y )

UV light

Mutations, chromosome
aberrations = Cancer
One-strand dimers
and cross-links
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DNA response to radiation

* |onizing radiation effect on DNA

» can be various from "zero" to
negative or positive depending on
the intended purpose, the initial
state of the irradiated object, the
radiation dose and the concomitant
agents

> In some cases penetrating radiation
simply does not cause DNA damage
passing through the cell without any
side effects

> Direct radiation effect takes place
when x-rays create ions (e-)
physically breaking the nucleotide
pairs of the DNA

> Nevertheless, in majority of cases
the low charged x-rays particles act
indirectly by inducing water
radiolysis and production of
OH- hydroxide highly active free
radicals forming hydrogen peroxide
and causing single-strand breaks

X-Rays

Direct effect

Single-strand
break

Double-

Small Compounds, strand break

Oncology Drugs Inter-strand

cross-link

UV light

One-strand
dimers and
cross-links
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DNA response to radiation

e Cell repair mechanism important X-Rays

» Several minor defects such as one
strand dimer formations (UV light
effect) or single-strand breaks could be

Direct effect

corrected by internal cell mechanism of Indirect
the base excision repair involving effect \ Single-strand
endonucleases and DNA polymerase H /y‘OH'_) % break
s> @
> Nevertheless some errors could appear
also on this Step (for- examp|e WIONQG  eeesessesesncecnnaiinaes A SRRACIIERLLLLRELLILS
nucleotide(s) insertion could cause X-Rays o
Double-

future coding mismatch)

Small Compounds, strand break
Oncology Drugs

» Difficult to repair double-strand breaks .. Inter-strand

are the most detrimental damages cross-link
produced in DNA by ionizing radiation . iiiiiiiiiieeeeons oI e e e rerereresesesesess
> Loss of whole parts of chromosomes .

containing tumour suppressors genes, UV light

an amplification of oncogenic-potential One-strand

regions could lead to tumour cells 2 dimers and

creation and their proliferation, i.e. .
cross-links

carcinogenesis. In the lucky case, when
apoptosis scenario is not damaged,
these defective cells should undergo
"the cell suicide"
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DNA response to radiation

« Consequences of DNA damage X-Rays

» Temporarily arrests on different stages
of cell cycle (Mitosis, both check-points
or DNA replication) as well as inhibition

Direct effect

of transcription and variety of cell Indirect €.
division abnormalities also could cause effect \ Single-strand
defective cells death H /y‘OH'_) > break
o> B
» Mutations, chromosome mis-pairings
defeCtS in some cases COUld be .......................... A SRR LA AL
eliminated by the same mechanism X-Rays o
Double-

Small Compounds, strand break

Oncology Drugs Inter-strand

cross-link

UV light

.' One-strand
......... R dimers and
cross-links
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DNA response to radiation

* Positive effects of DNA damage

» What could kill any normal cell also
could be destructive for a malignant
one

» To enhance the destructive effect of
x-rays irradiation some concomitant
agents such as small compounds,
approved cancer drugs could be
involved

» Apoptosis scenario, launched by
strong synergetic effect, leads to
cell death

EA" USPAS Course 2016, A. Seryi, JAI

X-Rays
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Single-strand
break

Double-

Small Compounds, strand break

Oncology Drugs Inter-strand

cross-link

UV light

One-strand
dimers and
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Small Compound

 Small compounds

— In molecular biology Small
Compound is a low molecular
weight organic compound that
may help regulate biological
processes

S\ _CH,
— The upper limit for small

compounds molecular weight is N (_‘,H3
approximately 900 daltons, O
which allows them to rapidly
diffuse across cell membranes O
so that they can reach HO
intracellular sites of action

* Dalton (Da) defined as one
twelfth of the mass of an Example: C,;H,sN,O.S, Mass 384 Da
unbound neutral atom of C12 in
its nuclear and electronic
ground state

— Most drugs are small molecules

EA" USPAS Course 2016, A. Seryi, JAI
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Conventional proton therapy facilities

Proton/ion injection

Cyclotron -,

Horizontal
Nozzle treatment places

4
.,
.
.
. «
o, =«
.
«,
.
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Heidelberg lon-Beam Therapy Center
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Heidelberg lon-Beam Therapy Center
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Cyclotron — often used as a source of protons

Proton source

Acceleration gap

e Electromagnet

Electromagnet

@_ Accelerating voltage

For non-relativistic proton beam v/IR=w, is constant
This resonant condition break when proton become relativistic

Cannot easily change energy of accelerated beam -
therefore need to use additional masks to degrade the energy of protons

}AI USPAS Course 2016, A. Seryi, JAI



Elements of proton therapy beamline

Range modulator wheel

Q

Proton )
source

Scatterer

. .":
‘ D : or carved brass
personalized

collimator
Proton beam

Multi-leaf steel
collimator

Polyethylene bolus
(Compensator)
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Pencil beam scanning

A
—
- —
N 4

Synchrotrons, which can produce smaller beams,
and can easily change energy of the beam,
can do “pencil beam scanning”

}AI USPAS Course 2016, A. Seryi, JAI



Synchrocyclotron

Proton source

Electromagnet

Electrode
Electromagnet

@_ Accelerating voltage

In contrast to a standard cyclotron, a synchrocyclotron can have variable
energies of the accelerated beam and it can also achieve higher energies
— several hundreds of MeV

Relativistic effects are compensated by continuously decreasing
the frequency of the accelerating voltage during acceleration
=> these are pulsed machines

}AI USPAS Course 2016, A. Seryi, JAI



Isochronous cyclotron

A

0

.......................

. Top electromagnet

- Dees with coaxial lines

.........

Bottom electromagnet

Proton beam Acceleratin'g voltage

In isochronous cyclotron relativistic effects are compensated
by increasing magnetic field with radius

Accelerating frequency is constant => suitable for CW and thus a popular
choice for proton therapy

}AI USPAS Course 2016, A. Seryi, JAI



Isochronous cyclotron

Example of field profile in isochronous cyclotron
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Laser acceleration of protons or ions - motivation

i’

Heidelberg lon-Beam
Therapy Center

RF cavity of the TERA

compact proton therapy
superconducting
cyclotron o —

Full dose area M

* Proton therapy systems require 250 MeV protons

 Such systems, especially the beam delivery gantries, are large and
expensive

 Desire to create compact laser —plasma acceleration proton therapy
systems is one of main motivations of plasma acceleration of protons

3/\/ USPAS Course 2016, A. Seryi, JAI



Laser driven ion acceleration mechanisms

 Thermally driven schemes
— TNSA, BOA, CESA

e Coherent schemes
— LS-RPA, HB-RPA, relativistic transparency

« Mechanisms and understanding
— Mechanisms compete, often more than one acting

— Very complicated phenomena - mechanisms represent
improvement of our understanding

Reviews:

A.Macchi, M. Borghesi, M. Passoni, lon acceleration by superintense laserplasma interaction, Rev. Mod. Physics, 85, 751 (2013)

H. Daido, M. Nishiuchi, and A. S. Pirozhkov, Review of laser-driven ion sources and their applications, Rep. Prog. Phys. 75, 056401 (2012)
M.Borghesi, J.Fuchs, S.V. Bulanov, A.J.Mackinnon, P.Patel. M.Roth, Fast ion generation by high-intensity laser irradiation of solid targets and

applications, Fusion Science and Technology, 49, 412 (2006)
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Laser-plasma THERMAL ion acceleration schemes

Thermally-driven Acceleration structures
« Target Normal Sheath Acceleration (TNSA)
- Laser interacting with a metal foil - stopped at the front surface
- ponderomotively drives front surface e
—> transported to rear surface - sheath of hot e
- e thermal pressure drives sheath expansion
—> lighter ions are dragged along at high velocity expansion

» Break-Out Afterburner (BOA)
—> Laser penetrates the metal foil (e~ heating & relativistic effects)
—> direct laser heating — of sheath e
—> higher speed of sheath expansion

« Collision-less Electrostatic Shock Acceleration (CESA)
—> heating of electrons by the laser (commonly in gas)
—> electron-ion double layer may be created under right conditions
—> double layer propagates freely driven by the thermal pressure
- plasma ions are reflected off the double layer potential

BA/ USPAS Course 2016, A. Seryi, JAI



Sheath laser acceleration of protons

Titanium foil o,

“»
* Electron sheath
* “.

.4 Accelerated protons

o
A electrons

Blow-off
plasma

Laser pulse is focused on a thin metal foil that creates plasma

The plasma electrons quickly become relativistically hot and leave the foil,
creating a sheath of charge,
which then pulls out the ions and protons from the plasma

Al uspas course 2016, A. Seryi, JAI London



TNSA - importance of surface quality

Thin metallic foil
Relativistic electrons

R Proton
B Beam

<

Rear surface
electrostatic sheath

Hydrogen surface
contaminants

Hydrogen surface contaminants on the foil surface are most readily accelerated
in the sheath field set up at the plasma vacuum boundaries

K. Markey, CLF

}AI USPAS Course 2016, A. Seryi, JAI



TNSA - and laser pulse profile

Thin layers of Ponderomofive

contaminants olectron
acceleration

Target Normal
Sheath Acceleration

Freplasma

\

El!,er:trﬂn sheath

Clark et al, PRL, 84,670 (2000)
Maksimchuk et al, PRL, 84, 4108 (2000)
Snavely et ia.l' PRL, 85,2945 (2000)

Note that pre-plasma forms much in advance of main laser pulse arriving

BA/ USPAS Course 2016, A. Seryi, JAI



Target Normal Sheath Acceleration (TNSA)

. Xz
Freely e>_<pand|ng thermal n(x, t) =ngexp | ——
plasma (isothermal) Cst

Sound speed in plasma
(ion vibration phase velocity) Cs

<[

Freely expanding thermal v ~2¢ In(T + \/7_2 + 1
electrons (non-isothermal) front s ( )

= wpit/\/Z_é DOI: 10.1103/PhysRevLett.90.185002

lon energy
accelerated by expanding EI,ZEM = 2q.:kgT, |In(7 + ¢ + 1)]2

thermal electrons sheath
DOI: 10.1103/PhysRevLett.97.045005
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First experiments

I~692 ° -702 1-69? e

Snavely, R.A. et al., 2000. Intense high-

5 ) O . : : energy proton beams from Petawatt-laser
irradiation of solids. Physical Review
(a)

(d) (e) Letters, 85(14), p.2945.
FIG. 1. Ring structure observed on RCF/CR39 “sandwich” track detectors: (a) radiochromic film (front surface); (b) tracks on CR39
from 3 MeV protons; (c) 8.9 MeV, (d) 11.6 MeV, (e) 17.6 MeV protons (track detectors were 5 cm X 5 cm X 0.75 mm thick). ‘ 0 ’\
Clark, E.L. et al., 2000. Measurements of energetic proton transport through "
magnetized plasma from intense laser interactions with solids. Physical (A) (B) (D) (E)
Review Letters, 84, p.670. ‘ . '
2 e — _
4 NS Deposited krads per Proton “y Activation per Proton
= c
, 3 205 '
> \ . &
=10" . > 5 04
I Ll o a
2 4 | g 2 B8] c|oE 5 4s
; Y Maximum : ,? 15 ."'
g proton : ‘Q 1 S 02
us 2 sensitivily ¢ » \ \ s
— 05 : d NN\ Y 04
11 | ©
-EIU b QL_‘L_‘_L, & 0t=— X S —
= 6 0 10 20 30 40 S0 0 10 20 30 40 50
< 4 Proton Energy Proton Energy (MeV )
i hhac Ry 3 e kg FIG. 2 (color). Data for a normal incidence 445 J shot on
’ ' - ' ’ 10 100 um CH from the Ti nuclear activation and RC film de-
Proton Energy (MeV) tector described later in the text: Ti foil autoradiographs (top
FIG. 3. Proton spectrum indicating multiole peaks and a flat row) and RC film images (middle row). The plots show Monte
tenin g "of “r:; ‘;;ctﬂ'::muﬁ e f’ﬁ;nvl’ ml;'aLLP E’oﬁ‘n mca'rfhfmiﬁ Carlo modelmg of (below left) the RC film detector response
parabola is inset. in krads cm’ per proton normally incident in the film layers; the
] ] nuclear activation response ( below right) of the Ti layers to pro-
Clark, E.L. et al., 2000. Energetic heavy-lon and proton generation from tons through the successive filter layers of the detector.

ultraintense laser-plasma interactions with solids. Physical Review Letters,
85(8), p.1654.
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Target Normal Sheath Acceleration (TNSA)

Schreiber, ]J., et. al.,, Analytical model for ion acceleration by
high-intensity laser pulses, Phys. Rev. Lett. 97, 045005 (2006)

doi:10.1103/PhysRevLett.97.045005 @‘EM _ 2ql-kBT€[ln(7- i 7'2 n 1)_

D88/1367-2630/12/4/045015

—_— T T T T L L r'| T T T T T r}‘![ T T T T T rr"|_1-[

= 100 |-New Journal of Physics 12,7 -
= C (2010) 045015 4 ]
™ i e R At = bRl bl -
o DOI: 10.14
%ﬂ T, [fs] ]
s T e e -

“ 10 =
- 650
S 300
D .
— 65 i
oy

_ 45
R N . T—— 30
E 1 L gl —
10 100 1000

laser power on target P, [ TW ]

Zeil, K., et. al. The scaling of proton energies in ultrashort pulse
laser plasma acceleration, New Journal of Physics 12, 16 (2010).

doi:10.1088/1367-2630/12/4/045015
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Beam property from TNSA

« Beam emittance:
— Very large divergence ~ 10deg

— Small emitting size formally show low emittance
« emittance < 0.01 T mm-mrad (0.004 mm-mrad - Cowan, PRL 2004)

— However, this low emittance may quickly filament and increase if
not captured appropriately

« High brightness: 101! =103 protons/ions per shot (> 3 MeV)
« High current: KA range

 Very compact: E~1-10 TV/m (acceleration lengths: ~ um)
 But wide spectrum and not many p at high E edge

lon beam from TARANIS facility, QUB

E ~10 J on target in 10 ym spot
Intensity: ~101° W/cm2, duration : 500 fs
Target: Al foil 10um thickness
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Challenge of low-size, large divergence beams

Filamentation —

» poorly Well
Initial matched beam matched

beam from e
plasma
acc.

Can we apply our inventiveness to figure out how to
capture, match and use the plasma-accelerated beam?

}dl USPAS Course 2016, A. Seryi, JAI



TNSA- further optimization

* Brute force:
— Increase intensity

 More optimal:
— Enhance E coupling to electrons
— Increase electron density

 Possible approaches:
— Reduction of foil thickness
— Reduced mass targets
— Enhanced coupling by target structuring

— Enhanced electron acceleration
 matching of plasma profile
« grazing incidence on conical targets

3/\/ USPAS Course 2016, A. Seryi, JAI



TNSA- reduced mass target

=~ :

@

= 14| 4.8} .

h —

5 12| & | & 4 -

o ) = (b)

= (a c 3.2} 4

@ =]

= 10} 12

o S 24} -

o >

S 8- +l b g 1.6} ++ + .

E (& ]

E 6| l l ; - 0.8} ® o 1

.E 4 1 1 1 ? Ot 1 ..JI et l‘I ? N

= 10° 10* 10° 10° 107 10° 10* 10° 10° 107
Surface area (um?) Surface area (um?)

 Reduced mass target resulted in increase of proton
energy and increased efficiency
— LULI, 100 TW, I~ 10 W/cm?
— Targets used were as small as 20 ym x 20 ym

S. Buffechoux et al, Phys Rev Lett.,105, 015005 (2010)
O. Tresca et al PPCF, 53, 105008 (2011)
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TNSA- conical target

magnetized plasma Qe*"f-a
‘%

Electron Number [N/MeV/sr]

 Enhanced acceleration Energy [MeV]
— More efficient coupling into L2 _
hot electrons due to _— Plane foll
interaction with walls (direct 3.
electron acceleration) 3
. E 1.E+09
— Trident laser, 80 J, 700 fs :
.§1.E¢08*
°.1.E+07
S. Galillard et al, Phys. Plasmas, 18, 056710 (2011) 1.E+06 — T — y 4
T.Kluge et al, NJP, 14, 23038 (2012) " R e Eemma T 2 OB
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TNSA- structured targets

10",

— N Experiment —PET
:
protons =
&
z
_______ ---»D
EP [MeV]
12
10 PIC Simulations o PET_
5
&,
=
=
-

 Improved acceleration

— Best results with spheres of g 535 nm (optimum absorption)
— 1 ~510®W/cm?, 30 fs, 2 ym f.s.; High Contrast: 5 1011 @ -10ps

D. Margarone et al, PRL,109, 234801 (2012)

Royal Hollow
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Laser-plasma THERMAL ion acceleration schemes

Thermally-driven Acceleration structures
« Target Normal Sheath Acceleration (TNSA)
—> Laser interacting with a metal foil - stopped at the front surface
—> ponderomotively drives front surface e-
—> transported to rear surface - sheath of hot e
—> e thermal pressure drives sheath expansion
- lighter ions are dragged along at high velocity expansion

» Break-Out Afterburner (BOA)
—> Laser penetrates the metal foil (e- heating & relativistic effects)
—> direct laser heating — of sheath e-
—> higher speed of sheath expansion

« Collision-less Electrostatic Shock Acceleration (CESA)
- heating of electrons by the laser (commonly in gas)
—> electron-ion double layer may be created under right conditions
—> double layer propagates freely driven by the thermal pressure
- plasma ions are reflected off the double layer potential

5/\1 USPAS Course 2016, A. Seryi, JAI



100 '.l LITLl I LI = =0 I | A =) I | = B ) I l-
Break-Out Afterburner — E .
S A . 80 1 st —
relativistic transparency ; :
£ 6of or—
In BOA, an initially solid-density target S o g
become relativistically transparent, o 40T ¢
resulting in enhanced ion acceleration 203_ E
Target ’ d
, n' O Lﬁ&"" )
n'>lz— 0 200 4po 600 §00 1000
14 ime (fs)
S
g 700 El T 1 I T L | I T 1 ll L | I l:
> 600 F (a) =
£ 500 2 £ =
lons o : a -
, = 400 A -
t,: relativistic transparent  n' >1="/), o E d ]
¥ 300 o
t,: classically underdense n' <1 © 8 a .
O 200F y =
£ E 3
Yin, et al., Laser and Particle Beams 24 (2006), 1-8 Albright, et al., Phys. g 100 w A T t1 : 3
Plasmas 14, 094502 (2007) % 0 J7 4N T Y 1 1:
Yin, et al., Phys. Plasmas 14, 056706, (2007) Yin, et al., Phys. Rev. Lett. g 0 200 400 600 800 1000

107, 045003 (2011)

Yin, et al., Phys. Plasmas 18, 063103 (2011) time (fs)
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Shock acceleration

L2 3 e . = 107
o 0 0 30 4o 5o Laserpistonlaunches T "%'[ —Long puise (100 ps)
No. of electrons (arb. units) high Mach number % 106 i = 3ps pulsetrain (100 ps)
— 0.5 electrostatic shock into = |
B Collisionless __—~ an overdense plasma 3 st
| /ShOCk/ 04 = c \_,——4\_,
| / _} _g
ol \H - = 10% 5 10 15 20 25
" ‘ direction = ga Proton energy (MeV)
02 £ 3 1or
%) >
3 S
300 ~= ' s
. - The propagatlng S os)
B (U W electrostatic &
T structure reflects £ . 1
. . o >
= 0 o E— . r . b .
X, (mm) / ions |r;the target 0 12 14 16 18 20 22 24 26
| = 103 tov -~ Vs Proton energy (MeV)
o O2F SR X Reflected
3 - i ions { s
s Loty . . = Expandin 102 Q : :
O-U'/Sfﬁz::;‘ : T Al o s Monochromatic proton peaks observed in
. front, ¢ | ; : " S . . . .
2.0 25 3.0 35 ao @M. & experiments using overdense gas jet with
________________ N B CO0, laser @ 10® W/cm? (UCLA)
! o’
. 02} M 3
o) /rv' ’ I 100 3,
E | ‘2,: ““““““ . g
2 Bt Shock 4 Reflected
front | : : ions "107
4, . : : .
T L.Silva et al, PRL 92, 015002 (2004)
X, (mm)

D.Haberberger et al, Nature Phys., 8, 95 (2012)
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Laser-plasma COHERENT ion acceleration schemes

Coherently-driven Acceleration structures
« Radiation Pressure Acceleration: Light-sail (LS-RPA)
- Laser stopped at the front surface of a metal foil
- photon momentum reversed @ reflection point
- photon momentum flux conversation — radiation pressure
—> Radiation pressure drives part of the foil forward — light-sail

« Radiation Pressure Acceleration: Hole-boring (HB-RPA)
- extended plasma instead of a thin foll
—> only laser irradiated spot / region — driven by radiation pressure
—> hole is bored in the plasma

« Relativistically Induced Transparency Acceleration
—> radiation pressure speed dictated by plasma-ion mass
—> laser drives an electron perturbation — not dragging ions
—> speed of e perturbation : relativistic effects induced
—> plasma ions are reflected off the e- perturbation potential
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Radiation pressure acceleration

Radiation pressure due to light reflection from a mirror:

21, _>I P, =60 Ghar
Pr ="~ <« @10*°Wem™
— _— —
— _— —

Hole-boring mechanism of radiation pressure acceleration of protons
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RPA Hole Boring

a? a) X1028
s #® |29+ Protonbeam
2] = .
> [b) — Near monochromatic!
© e 4.3
= I, * Laser:
S TR : % T n
% : el — CO, laser,0.5TW, 5ps, 1 ~5
B — 107% W/cm?
é ERARG ST 3.2 — Circularly polarized
03 05 T 10 12 e Target:
Proton energy (MeV) )
e) 04 0.8 1.2 16 — Hydrogen gas jet , n ~107°-
56 1020 cm3
>
O}
S 4
z
:E 2] e Imperial College-BNL

C.A. Palmer et al, Phys. Rev. Lett, 106, 014801 (2011)
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Light sail radiation pressure acceleration

—_— | —
— — — —
—_— | —

The foil is so thin that it starts to accelerate immediately as a whole
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Radiation Pressure on thin foils - Light Sail

 Principle and features
— Cyclical re-acceleration of ions 4 /e'

— Narrow-band spectrum — <« —
« whole-foil acceleration O >

— Fast scaling with intensity

. . .y I
Issues at .p.rese.nt Intensities F =(1+R)A-L
— Competition with TNSA C
— Electron heating cause foil damage (1+R)t I, o
o =V, =———o lm
ultrathin foils are needed for moderate a, ' minid C
n=mnd

* Improvements

— Use of circular polarization:

_ 2
No JxB acceleration Eions ~ (l T/n)
No TNSA

No target heating

areal density

. . . T.Esirkepov, et al. Phys. Rev. Lett., 92, 175003 (2004)
* Quasi-static pressure drive APL Robinson et al, NJP, 10, 013021 (2009)
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Light Sail Acceleration — Simple model

Foil driven by light pressure:

F, =1+ R)A%L

 Acting on material mass m, and m=m;n;Ad, where d is the thickness of the target, n;
Is the ion density, and m; is the ion mass.

«H , :
e _@+RA =M _mnadYe
C dt t

v _(@+R)r 1,

pd ¢

» Energy scaling more favorable in light-sail stage, in non-relativistic case, velocity
gained is proportional to I,
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RPA Light Sail — scaling

Energy of peak scales as Scaling to 10PW systems
2D and 3D PIC results from
\ 2 multispecies simulations of stable RPA
(It/n)
-~ 10 [2]
=
g T W)
§ 8 WLlP o e/m=05 § ;
‘%‘- 6 mEP 0 E[’I’I"I:l SE 102;
S mCP g :
> 4 3 = 1:
5 4 5 103
c 2 S
§ S 0.
- 0 T T T T LA B B R | 1 10101

100

a,2dt/n

_ S. Kar et al, Phys. Rev. Lett, 109, 185006 (2012)
A. Henig, Phys. Rev. Lett. 103, 245003 (2009)

S.Steinke et al, Phys. Rev. ST,16, 011303 (2013)
B. Aurand et al, NJP,15, 033031 (2013)
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Recall shape of CPA-compressed pulse

«— Main pulse

10

Contrast ratio

10710 : ; i
-200 -100 0 100 t(ps)

 High contrast ratio is needed for proton plasma acceleration
— As pre-pulse can damage the thin foil before the main pulse arrive
— In particular for light-sail regime
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RPA Light Sail — prediction of GeV beams

Simulations predict GeV beams with 10 PW pulses at 1022 W/cm?

32 (ﬁm) = % (_umls 5 Z (um) 10 15 5 10 15 5 (um) 20 25
ET T BT T T T H —— I |
0 1002000 50 100 150 2000 50 100 150 200 0 13 25 38 50

Foil of n;=100nc and A,=0.35 pm

0 Laser pulse at 1,=6.3 X 1022 W/cm?

I2

115 B. Qiao et al, Phys Rev Lett,102,145002 (2009)

=
;\

I.:. Simulations also predict instability of the process

200

150

v (cl o

100

50

X (c/e, ) A.P.L Robinson et al., NJP (2009)
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Limits on RPA acclin. struc. velocity

\

RECAP
RPA driven ion velocity
(inversely on ion mass)

I
Rad pressure = Pp = (1 + R)FL

I
> m; ni(A; dp) Av; = (1 + R)FL A; A1y

J
3

Av: = (1 +R)/n; I
m; dt
Major LIMITS
1

lonmass: Av; oc —

Target Transparency :  Av; o R/n;

Shorter pulses @

higherl,: Av; «
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Control the lon acceleration structure velocity

lon inertia dictates the laser-front speed

in critical layer interactions

/unperturbed density gradierm RITA

4116 : i :
2 _ movmg’pIasma.’trltlcal’layer* —) v_' L1
a)pe (X) = ne (X) (laser*reflectiontayer)* —_— P Snowplow’ .-;:.:.
e Secrons (3iis
: . : SRR
laser-driven relativistic e- quiver SRR
5 4rte*  1,(x) DLt
Whpe (x, t) — . et e
me 7/ 1 (x, t) relativistic* I '...5.. ..1‘.:.;.-..'..‘
2 laserpulse* . z...;...:-...' :.:o..:’.:’.?.-'
Cpe () 2 Fane Srisnisteisae Yy
*%eee 0 L :.;:..:...'.: :.....“.:.:?.;o:.:'.',?..‘...‘:;.

— a)o . 9, recrie, @
\ V]. +a2 (x, t) / increasing.'pla;m.a'del:f;ty,'ne(x.)! .ﬁ;{% o Hlea\;y’!on:*
x! +1 @,/ -1 « electrons

laser front propagates purely by electron dynamics

DOI: 10.1103/PhysReVvE.88.043105
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Control Relativistically Induced Transparency

speed of the induced transparency front
Rising intensity and Rising density gradient

Simple 1D model - ignored second-order effects

Wpe® 5
W
V1+a2(x,b)
—1
ox _ 1 oa(x,t) | 1+a%(x,t) &a)%e(x) 1 da?(x,t)
ot 2 ot w%e(x) ox 2 ox

: . L 2
linear intensity-rise aay  q o
laser | | ]’USP (t) =~ 25 atch c~ 0.5 (3) aopC
linear density gradient
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Snowplow Action - trapping & acceleration

+vg, =3 Lab frame
----- > Snowplow frame

Backgroundions - NOT significantly perturbed

Threshold potential - edg, = (y — 1)m,c?

Kinetic energy - 5 mp[2 —l Vsp]:
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Effect of heavy-ion motion
proton energy spectrum

M/Z=4 m,

a = 8.8 c/w,

0 =10 c/w,
T,= 950
ay=72

ntrace-proton =

001 n

crit

Trace proton Kinetic energy density product

0 200 400 600 800 1000 1200
Kinetic Energy [MeV]
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Summary of PIC scaling predictions to 200MeV

e TNSA:
— 200 MeV @ IA?2 ~ mid 102' W/cm? for 0.5-1 ps pulses
~ 1022 for 30 fs pulses
— Endpoint in the spectrum - not many particles....
e BOA:

— More efficient heating, 200 MeV may be closer @ IA? ~ 3 102* W/cm? for
0.5 ps pulses (?)
— Endpoint in the spectrum - few particles....

e RPA HB:
- E;,, ~ IN°/n .... decreasing density helps- operating below yn_, may
make 200 Mev @ few 102" W/cm? feasible
— dense ion bunch, monochromatic

* RPALS:

- E,,,, ~ (It /(nd))?, multispecies for better stabilization — 200 MeV
possible at few 102'W/cm? if drive on suitably thin foil can be stabilized
(loose focusing, multi PW beam)

— Dense bunch, monochromatic

After M.Borghesi, EAAC 2013
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Future p-therapy

Titanium foil o,

Range modulator wheel q
¢ Scatt
catterer ‘7 ®

or carved brass
personalized
collimator

. Electron sheath

\ 2 % “'t
N . Accelerated protons
J »
Hot electrons

Blow-off
plasma

Proton bea;n
TNSA (RPA, light sail, etc.)

Multi-leéf steel
collimator

ll applied to help solving the

Polyethylene bolus * / challenges of plasma
(Compensator) o - .
acceleration driven

proton therapy?
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PWFA

Accelerating

Decelerating

ﬁ
electron
beam

« Beam driven plasma
acceleration

 Max energy achieved
80 GeV (doubling SLAC
linac energy)

* Next gen experiments
at FACET (SLAC)
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Position [mm)]

Charge Density [-e/mm] o

Dispersion [mm]
-18 -14 -12

Experiment
Simulation

N ;
MA \V"'\va'b\

Nature 445 741 15-Feb-2007

35 40 50 60
Electron Energy [GeV]

Charge
density

[—e/umz]
240

180
120

60

-3-10° e/GeV

70 80 90100




FACET

Facility for Advanced
Accelerator Experimental
Tests at SLAC
(commissioned in 2011, was
running until 2016)

Beam Parameters

f(’ 23 GeV
Se t6r1 d/ 4 3 nC

Compressor Chlcane

20 um
‘, 10 pm
/ ' 22 KAmps
/4 |
? e &e’

Damping Riné / @V
— A

v AW, FACET-II is planned

» -
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FACET plans

Focusing (E))

Detfocusing

™ > A > > o > (r 1. ;
Accclcmlmg y Dt/gulualm_ (E))

| electron
- - beam
Accelerated Witness Bunch

Two electron bunches
formed by notch collimator
will allow study energy
doubling, high efficiency
acceleration, emittance
preservation (simulations)

Energy [GeV)
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FACET results (examples)

High Energy I

X
Low Energyl y (mm)
0 5 10 D 20 25
a L Y N R L U R L N N
Oﬂ &{ | No plasma interaction x1.00 |
£ | ]
E or
x I 250
. . . b 0::::;}:;:::::::=:ﬁv—ﬁ=:'::=r
Creation of drive-witness beams [ Efoous = 2035 GeV 40.31
—_ i 4200
IS
E o1
>
c R ——+—+ {150
[ E,.. =22.35 Ge\ )
E
E o
o 100
. . d :::::§.:::.:
Acceleration demonstration g 120f — Simuiation
g5 | Data 50
(SR 80
5T = == Core
= -
iC @ 40
:|8 :
0= Ly Sl
16 18 20 22 24

Energy, E (GeV)

M. Litos et al., Nature, 6 November 2014
(10.1038/nature13882)

(-ww Od) Aususp ebireyo esiensue.|
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FACET possible future capability

Extract e- & e+ from damping rings on same linac pulse

Accelerate bunches to sector 20 while 5cm apart

Use ‘Sailboat Chicane’ to put them within 100um at entrance to plasma
Large beam loading of e- wakes with high charge e+ beams

e- 2.0 —— T e
S— 15FE etam Focal Point: 3

— 1.0}

RE — Z 05}

< L

0.0

—0.5¢

+ C

e —1.0°¢

Az =5cm
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Proton plasma acceleration - motivation

* Max energy of e- in plasma wakefield accelerators is limited

DWe < Wd
where D — transformer ratio, We — final energy of electrons, Wd- energy of driver
» Toreach TeV e- energies, need either staging or proton beam as driver

Background: energy content

g-ﬁ : (2) 2% 5 _ <40 J (laser), <120 J (electrons)
06 15% 1‘.; B 20 kJ (SPS), >150kJ (LHC)
= 0.5 <0
E 04 30% 2 &
0.3 ] 500 £ © 1TeV p-beam can get e- to TeV,
0.2 g but p-beam need to be as short
g'é ' as 0.1mm — hard to test
0 100 200 300 400 500

L (m) : : -
First experiments will use long p-

A.Caldwell, K.Lotov, A.Pukhov, F.Simon, Nature Physics 5, 363 (2009) beam and self-modulation —
study of physics of process —
AWAKE experiment
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AWAKE - proton driven plasma acceleration

Electron Gun
20 MeV electrons

Multi GeV electron
spectrometer

Laser to ionize

Plasma HEHE

5 hY
Proton bunch modulation Electron trapping and acceleration l\

/ \ Diagnostic
400 GeV proton

fromm CERN SPS
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AWAKE

o e s A Nee—

TSG40 -LASER ROOM

CERN's Accelerator Complex

(X
i
LHC .
\
ALICE 1 LHCh
L —— e
T Kes L
* o ATLAS AWAKE ™y ~%vs
HiRadAMat = )
L D
AD
oy C
D |l
¥ = -
/ - 1
z X~ [
(=1 4 [ ]
7 \r' LEIR
< ]
\7)m
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Summary of the lecture

« We have discussed
— Basics of radiation effects on DNA

— Conventional tools for particle therapy

— Basics of ion acceleration with high intensity lasers
« Sheath acceleration
« Radiation pressure acceleration

— Beam driven acceleration

 Electron beam driven
« Proton beam driven
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