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Why laser-plasma ion sources?

* \What can laser-plasma sources offer?
— High flux, low emittance, short bunch
— High accelerating gradients - compact source
* Potential advantages
— Lower cost
— Flexible source
 Different ion species, energy distributions...
« Same laser for multiple applications
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Targeted applications

Increased repetition rate/bgam current
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Targeted applications

Increased repetition rate/bgam current
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Targeted applications

Increased repetition rate/bgam current

>

@)
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o |/Plasma

- radiograph
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O

n

O

)

% Courtesy of G. Hicks, JAI'IC, 2012 TAW experiment
)

E’ Now: ~10s MeV,
— some spectral

control, ~1012
particles per shot,
~1 Hz
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Targeted applications

Increased repetition rate/bgam current
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CICJ Cell irradiation
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G Now: ~10s MeV,
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control, ~1012
particles per shot,
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Targeted applications

Increased repetition rate/bgam current

>

)

O radiation

GCJ _ Radiography of phantom with
i Isochoric ™| INAC & laser plasma source:
O * eating — S

S5 OS expts/

= Material A

S radiography

O,

)

S

E’ Now: ~10s MeV,

— some spectral

control, ~1012
particles per shot,
~1 Hz
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Increased repetition rate/bgam current
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O Isochoric production
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Targeted applications

Increased repetition rate/bgam current
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O Isochoric production
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g in vivo therapy A

= @@diography’ > 250 Mev  |Now: ~10s MeV,
v
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control, ~1012
particles per shot,
~1 Hz
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Laser radiotherapy

Advantages:

Compact

Less heavy
m (therefore cheaper)

Versatile
m (different 10n species)
m (1ntegrated 1maging)

Plasma Physics Reports, Vol. 28, No. 5, 2002, pp. 453—456.
Translated from Fizika Plazmy, Vol. 28, No. 5, 2002, pp. 493—496.
Original Russian Text Copyright © 2002 by Bulanov, Khoroshkov.,

Laser

(b)
o, /////////////%

foe / [N - é

F"_"-l-— 3

\N

Laser beam

ATF-Il upgrade meeting 2014

Z. Najmudin

Near-crtical density targets



4 -0
- Imperial College e FilERuE: RO
[ )
J

ohn Adams Institute
for Accelerator Science

Why laser-plasma ion sources?
* Why

* Pros:

» Different ion species, energy distributions...

» Same laser for multiple applications
« Challenges:

—Unwanted radiation production
— Stability, reproducibility (ie. laser technology!)

— For some applications, want higher energy, higher current, or
both... in narrow energy spread
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Radiation Pressure

* Thermal pressure: Pr = nckgTe With:

nT. — me2 |a02 1/2
Ble = MC 14 5 1 Pr o1

 Radiation pressure:

(w, k)
Ap=(L+REE NS N

(w, k)

Pr=(1+R)(I/c)

For ATF: 2 TW, wo~ 60 um, /=101 Wcm-?, Pr > 10 MBar
For ATFII: 100 TW, wo~ 20 um, /=10 Wem=2, Pr > 1 GBar
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Radiation pressure acceleration

ngn 1 1
* Writing I = SeBo’c = Sneymecag’ c
2
e and kT, = mc? \/1 | ; 1
Pr > P — (1+ R) ! > nekpT,
* then R T ¢ )~ el
2 ag”
* Or NerQo~ > Mg 14 : 1
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Radiation pressure

0% * For dense targets need
|| — density limit of RP | . .
| — ratio of RP and critical densities | | — extreme Intensities or
ol _. — cold targets (circular
s | | polarisation?)
E — and extreme care!
10} » But radiation pressure
can become dominant at
: much lower intensities if
107 107 107 100 100 107 10° lower densities used.
Qg :
— Indeed for ne < 4 ner,
, ap2 Pr always dominates
Nerao~ > Ne 14 > 1
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Radiation pressure on thin foils
(1+ R)T I
m;n;d ¢
« But if too thin all electrons depleted from foill
* palance space charge and RP for optimum thickness

dopt:
d o (ncr> <>\O ) —d—
opt — - ao %

for A=1 uym, /= 108 Wcm=, DLC
= dopt ~ 5 nm

UV; —
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Radiation pressure on thin foils
(1+ R)T I
m;n;d ¢
« But if too thin all electrons depleted from foill
* palance space charge and RP for optimum thickness

dopt:
d L Uz 7 & Uz Te
opt Ne 0 2T

for A=1 uym, /= 108 Wcm=, DLC
= dopt ~ 5 nm

UV; —

E~ 10"t Vm™}!
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U ‘
Thomson S nm
qusma X parabola 102! S
Mirror & “
nm
E 10''}
: . - 5 2
Experiment Conditions: : nm 20 nm >n
Laser: Target: = 10"}
1=102°WWcm=2 d = 10nm %
(2,=10) DLC target T
1,=600fs  C°* ne=800n,
108 e ' X L S S S
1. Palmer, C. A. J. et al. Phys. Rev. Lett. 10 10 10
108, 225002 (2012). E [MeV]
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U ‘
Thomson S nm
qusma X parabola 102! S
Mirror & “
nm
E 10''}
: . - 5 2
Experiment Conditions: : nm O.nm 5n
Laser: Target: = 10"}
1=102°WWcm=2 d = 10nm %
(2,=10) DLC target T
1,=600fs  C°* ne=800n,
108 e ' X L S S S
1. Palmer, C. A. J. et al. Phys. Rev. Lett. 10 10 10
108, 225002 (2012). E [MeV]
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5 nm

20 nm

50 nm

U :
Thomson
Plasma parabola 10°1
Mirror k2
% 11
: . > 10 ' 5dnm 20nm 5n
Experiment Conditions: P ,
Laser: Target: = 10"}
1=102°WWcm=2 d = 10nm %
(a,=10) DLC target PTll
1,=600fs  C°* ne=800n,
10" = '
1. Palmer, C. A. J. et al. Phys. Rev. Lett. 10 10
108, 225002 (2012). E [MeV]

10
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Thomson

Plasma ) parabola
Mirror

1. Palmer, C. A. J. et al. Phys. Rev. Lett.
108, 225002 (2012).
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1. Palmer, C. A. J. et al. Phys. Rev. Lett.
108, 225002 (2012).
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Thomson

Plasma parabola

Mirror

Simulation Conditions:

Laser: Target:
1I=10°Wecm=d = 10nm
(2,=10) carbon 6+

T,= 600fs  N.=800n

1. Palmer, C. A. J. et al. Phys. Rev. Let
108, 225002 (2012).
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Can gas targetry help?

* What about gas targets?
— less bremsstrahlung
— Easily scalable to high repetition rate
— Change gas to change ion species
 Still want overdense plasma:

1.1 x 1044 .
A7 (pm)

« For A~10 ym, nc = 10" cm-
— Achievable using pressurised gas jets
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lons accelerated from a moving shock

ALt = 00s EPOCH2D PIC code
1.0

x 107

svacu
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lons accelerated from a moving shock

Att = 0.50033 ps EPOCEIO2D PIC code

x 107

s vacu
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lons accelerated from a moving shock

Att = 1.0007 ps EPOCH?D PIC code

x 107

svacu
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lons accelerated from a moving shock

Att = 2.0013 ps EPOCH?D PIC code

x 107
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lons accelerated from a moving shock

10 Att = 3.002 ps EPOCH2D PIC code
. 1.0

0.8

0.6

0.4

Ey2 (norm)

0.2

He density /10 19 em=3
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lons accelerated from a moving shock

Att = 4.0027 ps EPOCH?D PIC code
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lons accelerated from a moving shock

, TR EPOCH?D PIC code
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lons accelerated from a moving shock

ALt = 6,004 ps EPOCH?D PIC code

x 107

Vacuu
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lons accelerated from a moving shock

Att = 7.0047 ps EPOCH?D PIC code

x 107

svacuu
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lons accelerated from a moving shock

Att = 8.0053 ps EPOCH?D PIC code

x 107

Vacuun
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lons accelerated from a moving shock

Att = 9.006 ps EPOCH?D PIC code

x 107

Lvacuun
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lons accelerated from a moving shock

Att = 10.0067 ps EPOCH?D PIC code

x 107

s Vacuun
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lons accelerated from a moving shock

Att = 10.0067 ps EPOCH2D PIC code

s Time = 10.507 ()

lon spectrum:

x 107

6_

W A~ 1
T T T T T 1 T T 1 T 1 T T 1 T 1

o (arbitrary units)

N
T T T T

dN
Ed

= L

L L L I L L L L I L L L L I L L L L I L L L I
0.5 1 1.5 2
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f

40

——shock
——crit. surf.

35

Distance from initial pos. (um)

* Shock moves ahead of hole-boring front
» Reflected proton energies higher higher proton energies at
lower 1ntensities
* Consistent with moving wave seen on optical probing
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Typical experimental set-up

A=8527 nm
Pulse length=10 ps

CCD camera
(ion spectra)

¥

Scintillator

Parabolic
mirror

Probe at 2 times
on single shot

NG Y S

CCD camera R
(plasma image)

A=10.3 um

Pulse length=6 ps
Spot size = 70 um (I
Intensity ~ 107° W/cm? HICERN
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Generated monoenergetic proton beams

—1x1028

@ 4.9 —

> [b) 1.2 -

© 4.3 —

g |

O

T [C 'n _
© [ 3.6

I} 1L

S I $-7

(N A R SR TR e S e _ ~ e

0.5 1.0 1.2 0.8 L -
Proton energy (MeV) - —
e) 04 0.8 1.2 1.6 7
. i . - 1
S 6| =4 -
7~

% %6 - -
g 4 Q 7~ -
> = | .7
pa > b —
\C_) 2F @4 L - -

. ¢

on en
o
——

I

See: Palmer, Dover, Pogorelsky et al., PRL, 106 é) 4 0 '05 0 '06 0 b7 0 bg 0 bg

(2011)

Intensity/Density (normalised)
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New technique: blast wave shaping
*Single intense pulse to drive acceleration controllably
*Prepulse 25 ns before main pulse to optically tailor density
*Helium gas to generate helium beams with shock acceleration

Prepulse deposits energy, gas  \ain pulse interacts with
expands and forms blast wave steepened profile

O 6 xdosd Att=1.0002 ps
1.5  |Hydrodynamics Simulation| Jf*° "
’E\ -1t -0.4f 2
é 1.0 0.2} .
‘D 05 0.2 1
L 1 ] 0.4F
10.5
0.6}
06 =0 Nc o : ¥ — =
_0.5 O 0.5 (mm) Laser axis z (mm) p
Z (mm)

Z (mm)
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Varying prepulse changes ion beam

10
a) Gasjetaxis | N prepulse Eet axis i | X::O4
B s 2 Parameter il
1) -
3 ; 0.7 space for ion_ {}{1.2
"5 505 generation
g 1111
L]
) 0 0 0.3 Al
; !0.8
1 — >
=5 O3 15 ¥
| ol : 7 . | oo Méln puls§ =l
& M ~1 J prepulse o —He’
E 1’:1 \ & .p% R N Detect limit
1 : P & .
= - = Typical
gt 2 | * T 10° spectrum
T g ;8
-1 1 -1 0 1 S
See: Tresca, Dover, Cook et al., Submitted 2014 <
0t . . 00 e
0 1 2 3

Energy (MeV)
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Can change beam by profile optimisation

10%° i

14

10"

dN/dE (arb. units)

Density profile optimisation to
generate high energy, higher
charge beams

— 25 ns after prepulse
— 2 ns after prepulse
— No prepulse

131

10
0

”0.5” 1 15 2 25 3

Helium energy (MeV)
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Latest work on proton beams

 Also appears to work for generation of proton
beams - more mono-energetic beams & max
energies up to ~3 MeV.

8

7839 :
oo + Spectrum
> " ——gaussian fit
(light or | !
neutrals) s
- 1
s 4 i \
7 * t
5 {0
o 3 ! \
& P
o J
> é 2r J‘ 1l|
MeV Z N ;
1.7 Me 1 y \
protons _ \
O mrmatr-Zaetzeatl 7 N sl et e caes
-1 1 L L . :
0.5 1 1.5 2 25 3
Energy [MeV]

ATF-Il upgrade meeting 2014 Z. Najmudin Near-crtical density targets



~ KL 0
})A ’ Imperial College FEFRGEAC;
/ C S
5
John Adams Institute

for Accelerator Science

Future for shockwave acceleration

» Development of high power CO2 lasers
— 100 TW’ CO2 laser upgrade at ATF2:
 Completed: Solid state OPA front end
e 10JiIn<2ps
* Funded: New amplifier chain, CPA & frequency chirping:
* higher energy output (>35 J),
* higher repetition rate (10 Hz)
» 500 fs pulse length

— Investigate energy scaling and stability of acceleration from
gas jet target
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Hole-boring scaling

101

Energy (eV)

oo
Z,
-

o

ATF

W, = m;c? [

2=
1+ 2VZ=

CO»

} where = =

I

Optical

pCe-

.|

1020

1021

10"

Royal Holloway

2: aw ?é UNIVERSITY OF ‘ University of London
&) OXFORD = @&

Robinson, A.P.L. et

1 al., 2012. Hole-
1 boring radiation

pressure

| acceleration as a

basis for producing

1 high-energy proton
1 bunches. Plasma

Physics and
Controlled Fusion,
54(11).
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| CO» |
10° | Optical

Energy (eV)

10° / Using a longer wavelength
_—

BNL allows lower densities and
ATF?2 higher energies

oo
Z,
-

o

ATF
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Hole-boring scaling

5000 \ Spread angle less than 4 degree‘
S 1500
15
S
— 1000+
)
V)
g
Z 500+
0 - . : . : : : ,
0 2 4 6 8

Energy (MeV)

Kinetic energy (MeV)

Times of n,

; , T T T
-15 -10 -5 0 5 10 15
Spread angle (Degree)
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Radiation pressure on thin foils

 optimum thickness d,; —d—

cr )\
dopt = (Z@) ag (ﬁ)
for A=10 um, /= 10'8 Wem2, H>
- dopt =~ 1.0 MM

Uy —

(1 -+ R)T Iy W — % <m6> 2002 (wot)?

m;n;d ¢
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10° / Using a longer wavelength
7

BNL allows lower densities and
ATF?2 higher energies
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E ions & O 1 I I | 1 1 ] 1 |
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| o lons F: g
2.0 25 3.0 35 40 M., %
3
E‘ 10° §. Haberberger, D. et al., 2011. Collisionless shocks in
= - laser-produced plasma generate monoenergetic high-
10~ energy proton beams. Nature Physics, 8(1), pp.95-99.
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Prospects for thin targets

P, (TW) 10 50 100 200 500
301l @ ' n; (units of n,) 0.7 1.5 2.0 3.0 5.0
D (um) 200 230 250 230 220
= > |
= 20} % B
10 L .
A " A A A s‘
20 30 40 50 60 70 C model
) = 1000 ® simulation
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Scaling of Hole-boring acceleration

» Laser peak intensity:
2.0x10%° Wem-2

e duration: 187fs

» Peak energy:
1.32GeV

* energy spread: 28%
 divergence: 9.2°

* total charge of bunch:
6.5nC

» spot size of the bunch:
36.2 um

» Laser spot size: 50
um
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e Experimental
demonstration of |
proton and helium
beams from shock
acceleration in gas jet
targets

 Optimising density
profiles should lead to
~100 MeV proton
beams with 100 TW
ATF li | '
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