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Outlook
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A quick look at the state-of-the-art of laser ion
acceleration

lon acceleration in solid targets: circular vs linear
polarization, i.e. “radiation pressure vs fast electrons”

Modeling of “circularly polarized acceleration”: ion
bunches

lon acceleration in gas targets: similarities
A proposed application: ultrashort neutron sources
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surface
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Ion acceleration: the TNSA mechanism

o N

TNSA = Target Normal Sheath Acceleration

- Metal target with
hydrogenated
layer on the back
surface

- High-energy
“fast”  electrons
are produced

- lons (protons)
are accelerated in
the sheath field
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fThe protons (produced by TNSA itself) have been used T
as a charged probe for the TNSA fields:
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Experimental observation of TNSA fields

fThe protons (produced by TNSA itself) have been used T
as a charged probe for the TNSA fields:

Experiment:

L. Romagnani et al.,
PRL 95, 195001 (2005)
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Experimental observation of TNSA fields

fThe protons (produced by TNSA itself) have been used T
as a charged probe for the TNSA fields:

Experiment:
L. Romagnani et al.,
PRL 95, 195001 (2005)

Modeling:
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# Proton and carbon ion beams with narrow energy
spectrum obtained via target engineering:
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spectrum obtained via target engineering:
Hegelich et al, Nature 439, 441 (2006); Schwoerer et al,

ibid., 445 (2006)

Temporal control of proton focusing and energy

selection:
Toncian et al, Science 312, 410 (2006)
(QUB-Dusseldorf University collaboration)
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Recent results based on TNSA
L -

# Proton and carbon ion beams with narrow energy
spectrum obtained via target engineering:
Hegelich et al, Nature 439, 441 (2006); Schwoerer et al,
ibid., 445 (2006)

# T[emporal control of proton focusing and energy

selection:
Toncian et al, Science 312, 410 (2006)
(QUB-Dusseldorf University collaboration)

# Proposed scaling laws suggest that ion energy will keep
to increase with growing laser intensity
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Open issues in Laser Ion Acceleration

o N

- Higher peak , good and
spectrum are desirable for foreseen
applications (e.g. medicine, nuclear physics, ICF, ...)

- High ion density (bulk acceleration?) and (ultra-)short
duration may be important for specific applications

# Is TNSA always the best route to ion acceleration?

® Are there other acceleration mechanisms, and do we
understand them?
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cient, high-energy acceleration of ions at the front side
by (collisionless) shock fronts:
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[Habara et al, PRE 70, 046414 (2004);
Wei et al, PRL 93, 155003 (2004)]
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Front shock acceleration (FSA)

fRecent experiments and related modeling suggest effi- T
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Front shock acceleration (FSA)

fRecent experiments and related modeling suggest effi- T
cient, high-energy acceleration of ions at the front side

by (collisionless) shock fronts:

[Habara et al, PRE 70, 046414 (2004); E _

Wei et al, PRL 93, 155003 (2004)]
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Front shock acceleration (FSA)

fRecent experiments and related modeling suggest effi- T

cient, high-energy acceleration of ions at the front side
by (collisionless) shock fronts:

[Habara et al, PRE 70, 046414 (2004); :

Wei et al, PRL 93, 155003 (2004)] N 1
Reflection” law v; ~ 2. oD simuxl[gl[]ion by
from momentum balance

Habara et al.
Vg R Upp \/2[/mmic

[Silva et al, PRL 92, 015002 (2004).]
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Front shock acceleration (FSA)

fRecent experiments and related modeling suggest effi- T

cient, high-energy acceleration of ions at the front side
by (collisionless) shock fronts:

=

120

[Habara et al, PRE 70, 046414 (2004); £

Wei et al, PRL 93, 155003 (2004)] : 1
“Reflection” law v; ~ 2v, 0 40 80 Bo ted

2D simulation by

from momentum balance Habara et al.

Vg R Upp \/2[/mmic
[Silva et al, PRL 92, 015002 (2004).]

High-speed shocks — high-energy ions
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1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, neg/n. = 10. laser
(A= 1um — I = 3.5 x 1020 W/cm?, r, =86 fs,  ___,
ne = 10%2 cm—3.)
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1D PIC simulation, 26 cycles pulse, normal incidence,
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1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, n.y/n. = 10. |
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A simulation example
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1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, n.y/n. = 10. |
(A = 1um — I = 3.5 x 1020 W/cm?, 7, = 86 fs, ﬁef
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A simulation example
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1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, n.y/n. = 10. |
(A = 1um — I = 3.5 x 1020 W/cm?, 7, = 86 fs, ﬁef
ne = 10%2 cm—3.)
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A simulation example
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1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, n.y/n. = 10. |
(A = 1um — I = 3.5 x 1020 W/cm?, 7, = 86 fs, ﬁe:
ne = 10%2 cm—3.)

t=756.000
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80 TY; E
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At least three sources of
MeV ions: FSA, TNSA
(back), TNSA (front)
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1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, n.y/n. = 10. |
(A = 1um — I = 3.5 x 1020 W/cm?, 7, = 86 fs, ﬁe:
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A simulation example

o N

1D PIC simulation, 26 cycles pulse, normal incidence,
linear polarization, a = 16.0, neg/n. = 10.

(A= 1pm — I = 3.5 x 1020 W/em?, 71, = 86 fs, la_sef
ne = 10%? cm=3.)
t=756.000
. 7%8* ni E
g o
e A At least three sources of

MeV ions: FSA, TNSA
(back), TNSA (front)

Electrons are heated up to
several tens of MeV
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# Fast electron generation at a steep
laser-plasma interface requires an
oscillating force across the boundary.

gﬁ‘ﬁﬁ IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.11/31



Switch fast electrons off

o N

# F[ast electron generation at a steep
laser-plasma interface requires an
oscillating force across the boundary. 9)

® For normal incidence, it is the 2wy
component of the v x B force.
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Switch fast electrons off
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# F[ast electron generation at a steep
laser-plasma interface requires an
oscillating force across the boundary.

® For normal incidence, it is the 2wy
component of the v x B force.

# For circular polarization, the 2wy,
component vanishes; only the
secular component remains
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Switch fast electrons off

o N

# F[ast electron generation at a steep
laser-plasma interface requires an
oscillating force across the boundary.

® For normal incidence, it is the 2wy
component of the v x B force.

# For circular polarization, the 2wy,
component vanishes; only the
secular component remains

= lon acceleration is driven directly by
radiation pressure
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Circular polarization
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1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;
other parameters are the same
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Circular polarization
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1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;
other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;

other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;

other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;
other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;

other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
a = 11.3 — same energy of the linear polarization case;

other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization

-

a = 11.3 — same energy of the linear polarization case;
other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
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a = 11.3 — same energy of the linear polarization case;
other parameters are the same
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Circular polarization

1D PIC simulation, circular polarization
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a = 11.3 — same energy of the linear polarization case;

other parameters are the same
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Absorption efficiency: circular vs linear

o N

lon acceleration with circular
polarization has considerably
high efficiency:

for the simulation shown.
Absorption into electrons is
negligible
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Absorption efficiency: circular vs linear
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lon acceleration with circular

polarization has considerably
high efficiency:

for the simulation shown.

Absorption
negligible

iInto electrons
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circular polarization
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Absorption efficiency: circular vs linear

-

lon acceleration with circular
polarization has considerably
high efficiency:

for the simulation shown.
Absorption into electrons is
negligible

The simulation for same en-
ergy, linear polarization shows
comparable absorption, but
reached later, dependent on
target thickness, and into
several ion populations

circular polarization

1077

Absorption

7073;, electrons

7074’ ““““““““““““ 1
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Absorption efficiency: circular vs linear

circular polarization

lon acceleration with circular S S

polarization has considerably = o'

high efficiency: £ 0
for the simulation shown. $ e

Absorption into electrons is y

negligible T e s s

%

The simulation for same en- — mmwimjmm

ergy, linear polarization shows _ . —

comparable absorption, but -

reached later, dependent on : '°

target thickness, and into 0"

several ion populations ol

0 50 100 150
t/T,
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Energy spectrum: circular vs linear

fLinear polarization l|leads to T
. but a 0.020} 7
thermal-like spectrum already 0.015}

In 1D §0.070

ltnear pol., a=161
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Energy spectrum: circular vs linear

fLinear polarization leads to

, but a
thermal-like spectrum already
in 1D.

Circular polarization leads to
lower peak energies, but a

spectrum.

crrcular pol.,
a=11.3

ltnear pol., a=161
70 20 30 40
E (MeV)
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Energy spectrum: circular vs linear

fLinear polarization leads to
, but a
thermal-like spectrum already

in 1D.

Circular polarization leads to
lower peak energies, but a

spectrum.

In 2D simulation the ions have
a energy-dependent angular
spread (similar to TNSA) and
show

(~ 4 x 1072 rad)
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Energy spectrum: circular vs linear

fLinear polarization leads to
. but a 0.020 |
thermal-like spectrum already 0.015

In 1D §0.070

crrcular pol.,

a=71171.3

Circular polarization leads to 0.005
lower peak energies, but a 0.0001

ltnear pol., a=161

spectrum.

In 2D simulation the ions have
a energy-dependent angular
spread (similar to TNSA) and
show

(~ 4 x 1072 rad)

~10 , ]
07 25 107"
105 e o 1 2 3 4 5 6
Pa/ T 1074E,/m,c?
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Ton bunch acceleration



Ton bunch acceleration

o N

Take a closer look at ion acceleration with circular
polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.

- |
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Ton bunch acceleration

-

Take a closer look at ion acceleration with circular

polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.
t=0.T,
300 | | ]
o4 ’H/i 7EI 2,2.0
& 18t 17, : :
S 2l 10 @ Interaction starts
Gl 10.5
ol ; ; 100
+0.041 f. 1]9:9%
i 0.0F 0.001
> I
~0.04+ 0 000
0.4t |, | | ooz
S 0.0: 0.001
N
—0.47 0.000

2.0 2.2 2.4 2.6
95/>\L
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Ton bunch acceleration

o N

Take a closer look at ion acceleration with circular

polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.
=
izn, E. 2.0
S 18¢ /\\ E7.5 . . .
S el | » T~.< e interaction starts
6L \ 10. . .
ol [ oo electrostatic field created
+0.04f f. 1]%:9%
i 0.0F - — 0.001
3 f
—0.04r 0.000
0.4t f, | | - fjooos
g} 0'0: S 0.001
R
—0.41 0.000

2.0 2.2 2.4 2.6
95/>\L
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Ton bunch acceleration

o N

Take a closer look at ion acceleration with circular
polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.

t=8.T,

120
11.5 _ .
0% @ Interaction starts

10.5

10.0 ® clectrostatic field created

lon profile driven to

“oreaking”
0.4t f, | |  Jjoooz
i& 0,0: F’ 0.001
Q.
—0.4F

0.000
2.0 2.2 2.4 2.6
95/>\L
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Ton bunch acceleration

o N

Take a closer look at ion acceleration with circular
polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.

t=12T,

® Interaction starts

® clectrostatic field created

5l # ion profile driven to
P | “breaking”

—-0.04 4

voul £, o ion “bunch” appears
i& 0.0 7 0.001

o8

-0.4r

2.0 2.2 2.4 2.6
95/>\L
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Ton bunch acceleration

o N

Take a closer look at ion acceleration with circular
polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.

t=16T,

#® Interaction starts
® clectrostatic field created

+0.041 f. | } e . . .
: /(D f # jon profile driven to

§Q 0.001 \
2 “oreaking”
—-0.04
vo.at f, ion “bunch” appears
§ 0.0/ electron energy ~ keV
—-0.4r

|
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Ton bunch acceleration

o N

Take a closer look at ion acceleration with circular

polarization:
1D PIC simulation, a = 2.0, n.g/n. = 5.
t=20T,
30 ‘ ‘
24
i h Interaction starts

electrostatic field created

lon profile driven to
“oreaking”

lon “bunch” appears

+0.4

electron energy ~ keV

secondary bunches may

appear J
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Ton bunch acceleration

-

polarization:

Take a closer look at ion acceleration with circular

-

1D PIC simulation, a = 2.0, n.g/n. = 5.

t=20T,

interaction starts
electrostatic field created

lon profile driven to
“oreaking”

lon “bunch” appears
electron energy ~ keV
secondary bunches may

appear J
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Simple model

-

. electrons pile up leading to a quasi-equilibrium T
between the electrostatic field and the ponderomotive force.
lons are accelerated by the electrostatic field until breaking.

- |
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Simple model

-

. electrons pile up leading to a quasi-equilibrium T
between the electrostatic field and the ponderomotive force.
lons are accelerated by the electrostatic field until breaking.

# Assume simple profiles ...
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Simple model

-

. electrons pile up leading to a quasi-equilibrium T
between the electrostatic field and the ponderomotive force.
lons are accelerated by the electrostatic field until breaking.

# Assume simple profiles ...

" # ...which crudely approximate
“real” ones

- |
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Simple model

-

. electrons pile up leading to a quasi-equilibrium T
between the electrostatic field and the ponderomotive force.
lons are accelerated by the electrostatic field until breaking.

¢ # Assume simple profiles ...
# ...which crudely approximate
o “real” ones
PN | ® ion profile is compressed
0 dil. 2

- |
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Simple model

f . electrons pile up leading to a quasi-equilibrium T
between the electrostatic field and the ponderomotive force.
lons are accelerated by the electrostatic field until breaking.

# Assume simple profiles ...

# ...which crudely approximate

E “real” ones
| # ion profile is compressed
A _® “breaking” at the time when
’ e all ions reach the
0 d+l, evanescence point

ppppppp
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Model predictions



Model predictions
B -

® Input parameters d, /., ny are related by the Poisson
equation and the constraints of charge conservation
and total radiation pressure P,,; = 21} /c:
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Model predictions
- -

® Input parameters d, /., ny are related by the Poisson
equation and the constraints of charge conservation
and total radiation pressure P,,; = 21} /c:

= 4mengd , no(d+1s) = npols %e Npols = %]L

- |

Elpelstor IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.17/31



Model predictions
B -

® Input parameters d, /., ny are related by the Poisson
equation and the constraints of charge conservation
and total radiation pressure P,,; = 21} /c:

= 4mengd , no(d+1s) = npols %e Npols = %]L

# Equations of motion are easily solved to yield maximum
lon velocity and breaking time, assuming /5 ~ c¢/wy:

- |

g&m IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.17/31



Model predictions
B -

® Input parameters d, /., ny are related by the Poisson
equation and the constraints of charge conservation
and total radiation pressure P,,; = 21} /c:

= 4mengd , no(d+1s) = npols %e Npols = %]L

# Equations of motion are easily solved to yield maximum
lon velocity and breaking time, assuming /5 ~ c¢/wy:

— Z me Ne ~ L JAmy
Um = 20\/A Mp Ne ar Ti =1 2mar \/ Z me °
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Model predictions
- -

® Input parameters d, /., ny are related by the Poisson
equation and the constraints of charge conservation
and total radiation pressure P,,; = 21} /c:

= 4mengd , no(d+1s) = npols %e Npols = %]L

# Equations of motion are easily solved to yield maximum
lon velocity and breaking time, assuming /5 ~ c¢/wy:

_ Z Mme N o~ 1AM
Um = 20\/A Mp Ne ar Ti =1 2mar \/ Z me °

# The average ion front velocity v; = v,,/2 is the “hole
boring” speed.
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-

Model predictions
-

® Input parameters d, /., ny are related by the Poisson

equation and the constraints of charge conservation
and total radiation pressure P,,; = 21} /c:

= 4mengd , no(d+1s) = npols %e Npols = %]L

Equations of motion are easily solved to yield maximum
lon velocity and breaking time, assuming /5 ~ c¢/wy:

v =20\ /G e teay T Ty fAmy.
The average ion front velocity v, = v,,/2 Is the “hole

boring” speed.

Similar predictions, but different physics with respect to
the “shock” acceleration picture J
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Model evaluation

The model is very simple
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Model evaluation

o N

The model is very simple , however, when compared
to simulations, it gives:
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Model evaluation

o N

The model is very simple , however, when compared
to simulations, it gives:

- a correct scenario of the dynamics
ion bunch formation

- |
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Model evaluation

o N

The model is very simple , however, when compared
to simulations, it gives:

| | 0.08[ = |

- a correct scenario of the dynamics 506 20,

ion bunch formation o T |
- a good scaling for the maximum ion \E 0.04 +

velocity v, vs. intensity and density = | |

f 100,

0.02 | ) f

0.00 L~ . . . |
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Model evaluation

o N

The model is very simple , however, when compared
to simulations, it gives:

| | 0.08[ T = |
- a correct scenario of the dynamics 506 20,
ion bunch formation o T |
- a good scaling for the maximum ion \E 0.04 +
velocity v, vs. intensity and density = | |
0.02 | o
- reasonable estimates for the accel- 000\ |

eration time (r;) and the number of
lons in the bunch (n;pls).
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Model evaluation

o N

The model is very simple , however, when compared
to simulations, it gives:

| | 0.08[ T = |
- a correct scenario of the dynamics 506 20,
ion bunch formation o T |
- a good scaling for the maximum ion \E 0.04 +
velocity v, vs. intensity and density = | |
0.02 | o
- reasonable estimates for the accel- 000\ |

eration time (r;) and the number of
lons in the bunch (n;pls).

-from these quantities we can also estimate the
absorption degree ~ v, /c

- |
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2D simulations with circular polarization
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

i

laser pulse

- |
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

t=4.07,

7.

1 )

2.0

7.0

0.0

|
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=712.1,

.

2.0

7.0

0.0

|
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=16.17,

.

2.0

7.0

0.0
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=24.7,

.

2.0

7.0

0.0
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=52.1,

.

2.0

7.0

0.0
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=40.7,

.

2.0

7.0

0.0
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=48.7,

.

2.0

7.0

0.0
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) {=56.1,

.

2.0

7.0

0.0
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=64.1,

.

|
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) (=721,

.

|
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

) t=8650.1,

.

|
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2D simulations with circular polarization

o N

2D effects such as pulse focusing (— E has a longitudinal
component) as well as the presence of a preplasma do not
compromise ion bunch production.

t=8650.1,

.

Simulation parameters (a = 2,
T = 1077 and plasma profile
are similar to an experiment at
JAERI [Kado et al., Las. Part.
Beams 24 (2006), in press]
giving preliminar indications of
a collimated ion beam

(H. Daido, private
communication).

|
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Channeling in underdense plasma

fThe interaction of a 1 ps, 10'8 = 102 W/cm® pulse with T
a gas jet has been investigated at RAL using the proton
imaging technique

- |
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Channeling in underdense plasma

fThe interaction of a 1 ps, 10'® = 1019 W/cm? pulse with T

a gas jet has been investigated at RAL using the proton
imaging technique

(Kar, Borghesi, Cecchetti
et al., submitted to PRL) i
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Channeling in underdense plasma

fThe interaction of a 1 ps, 10'8 = 102 W/cm® pulse with T
a gas jet has been investigated at RAL using the proton

imaging technique

(Kar, Borghesi, Cecchetti
et al., submitted to PRL)

Experimental
data clearly show
that a charge-
displacement
channel is pro-
duced by the laser

: 2o :%ﬂ
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Channeling in underdense plasma

fThe interaction of a 1 ps, 10'8 = 1019 W/cm? pulse with T
a gas |et has been investigated at RAL using the proton

imaging technique

(Kar, Borghesi, Cecchetti
et al., submitted to PRL)

Experimental
data clearly show
that a charge-
displacement
channel is pro-
duced by the laser
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Channeling simulations



Channeling simulations

f electromag- T

netic PIC simu-
lations in planar
geometry qualita-
tively reproduce
the experimental
results.

- |
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Channeling simulations

fZD electromag-
netic PIC simu-
lations in planar M ‘
geometry qua”ta- < 60 @l EhéHIIHHMtmmnllsltllilllllltiiilli(!nnltwmlmmlllu’mlllmmlilnnlmnltillilunMimltmlimnmmuum|riqa'ea\%7u\°{saans'til»uil -
tively reproduce ‘
the experimental

250 300 350 400 450

results. =/
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Channeling simulations

fZD electromag-
netic PIC simu-
lations in planar
geometry qualita-
tively reproduce
the experimental

250 300 350 400 450

results. =/

In the channel trail-
iIng edge, field inver-
sion along radius is ob-
served as suggested
by proton images

- |
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Channeling simulations

fZD electromag-
netic PIC simu-
lations in planar
geometry qualita-
tively reproduce
the experimental
results.

In the channel

Ing edge, field inver- = 00

trail- 01
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Channeling simulations

fZD electromag-
netic PIC simu-
lations in planar
geometry qualita-
tively reproduce
the experimental
results.

In the channel

Ing edge, field inver- = 00

trail- 01

70
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50
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<
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50
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< s p—
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50
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0.2

)

sion along radius is ob- A 0
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Served as SuggeSted 50 b5 60 65 7050 55 60 65 70

by proton images
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LCan we describe this dynamics by a simpler numerical modeﬂ
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1D Simulation of radial dynamics
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1D Simulation of radial dynamics

o N

electrostatic PIC simulation, cylindrical geometry (r, p,)
External driving force on electrons

Fom —me U TT @00, k() = aer

- |
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1D Simulation of radial dynamics

o N

electrostatic PIC simulation, cylindrical geometry (r, p,)
External driving force on electrons

Fom —me U TT @00, k() = aer
t=7.00658

L /N J
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1D Simulation of radial dynamics

o N

electrostatic PIC simulation, cylindrical geometry (r, p,)
External driving force on electrons

Fom —me U TT @00, k() = aer
t=271.71382

L /N J
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
=47 2698

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t=671.40714

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t1=871.53350

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t=707.665

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t=7127.796

|

IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.22/31




1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t1=7147.928

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t1=762.059

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
t1=782.7197

|
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1D Simulation of radial dynamics

f electrostatic PIC simulation, cylindrical geometry (r, p,) T
External driving force on electrons

Fom —me U TT @00, k() = aer
1=202.323

|
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1D Simulation of radial dynamics

o N

electrostatic PIC simulation, cylindrical geometry (r, p,)
External driving force on electrons

Fom —me U TT @00, k() = aer
1=222.454

ég | lon dynamics s
0.6 L - very similar to the
0.4}
0.2

case of planar
acceleration by the
circularly polarized
pulse: ions pile up,
density  “breaks”,
and a “fast” bunch

IS produced.

IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.22/31




Comparison with experimental results

o N



Comparison with experimental results

fThe simple 1D T

model is used to
simulate the proton
projection images:
very good agree-
ment is found

- |

%ﬁ IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.23/31



Comparison with experimental results

fThe simple 1D
model is used to
simulate the proton
projection images:
very good agree-
ment is found

ro{pm}

Yi{pm}

gﬁm IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.23/31



Comparison with experimental results

fThe simple 1D
model is used to
simulate the proton
projection images:
very good agree-
ment is found

ro{pm}

Yi{pm}

10600 =500 O S0 1000

The ion spectrum was not measured in the experiment,
but in similar conditions evidence of a tail of MeV ions
was provided:

see e.g. Sarkisov et al, JETP 66, 828 (1997); Fritzler et
al, PRL 89, 165004 (2002).
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ﬁon bunches produced by , pulsej
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Summary of ion ‘“bunch” characteristics

ﬁon bunches produced by , pulsej
(1, ~ 5+ 50fs, I ~ 10'8 = 1020 W/cm®) may have:

- “modest” peak energies (0.1 -1 MeV)

- high density (n, = 102123 cm~3)

- ultrashort duration
(1p, < ls/c,canbe m, < T, = A /c)

- low divergence (~ 107?)

- |

gﬁm IRCEP, Queen’s University of Belfast, May 26th, 2006 — p.24/31
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ﬁon bunches produced by , pulsej
(1, ~ 5+ 50fs, I ~ 10'8 = 1020 W/cm®) may have:

- “modest” peak energies (0.1 -1 MeV)

- high density (n, = 102123 cm~3)

- ultrashort duration
(1p, < ls/c,canbe m, < T, = A /c)

- low divergence (~ 1072)

- good efficiency (~ (2/3)vy,/c ~ 1072 +1071)
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Summary of ion ‘“bunch” characteristics

ﬁon bunches produced by , pulsej
(1, ~ 5+ 50fs, I ~ 10'8 = 1020 W/cm®) may have:

- “modest” peak energies (0.1 -1 MeV)

- high density (n, = 1021+23 cm—3)

- ultrashort duration
(1p, < ls/c,canbe m, < T, = A /c)

- low divergence (~ 107?)
- good efficiency (~ (2/3)vy,/c ~ 1072 +1071)

LAre these features useful for some application? J
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Application: neutron burst production
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. use the ion bunches to drive beam fusion
reactions to produce neutrons.

» Fusion rate (two-beam scheme): R = nina(ov)/(1 + §12)
#® 11, no may have solid-density values
® Approximated cross-section formula (£: c.m.f. energy)
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Application: neutron burst production

o N

. use the ion bunches to drive beam fusion
reactions to produce neutrons.

» Fusion rate (two-beam scheme): R = nina(ov)/(1 + §12)
#® 11, no may have solid-density values
® Approximated cross-section formula (£: c.m.f. energy)

o @6_\’&;/5

E
Maximum around the Gamow energy
Eq ~ 1 MeVm,/m,), my = mimsa/(myi + ma).
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Application: neutron burst production

o N

. use the ion bunches to drive beam fusion
reactions to produce neutrons.

» Fusion rate (two-beam scheme): R = nina(ov)/(1 + §12)
#® 11, no may have solid-density values
® Approximated cross-section formula (£: c.m.f. energy)

o~ @e_ng/g

E
Maximum around the Gamow energy
Eq ~ 1 MeVm,/m,), my = mimsa/(myi + ma).

= One may obtain a significant neutron yield within the

L bunch duration. J
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D-T, single bunch scheme

fD + T — a+n (14 MeV) Double layer targeﬂ:

laser
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D-T, single bunch scheme

fD + T — a+n (14 MeV) Double layer targeﬁ:

Assume [p ~ I, for optimal “projectile”

laser

Shortest attainable duration —
Tn =2 lb/vm If lT < lb
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D-T, single bunch scheme

fD + T — a+n (14 MeV) Double layer targeﬁ:

Assume [p ~ I, for optimal “projectile”

laser

Shortest attainable duration —
Tn =2 lb/vm If lT < lb

1D PIC simulation:
> 10% neutrons/Joule
in 7, ~2fs

at 7 = 10" W/cm?,
7, = 15 1s
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D-T, single bunch scheme

fD + T — a+n (14 MeV) Double layer targeﬁ:

Assume [p ~ I, for optimal “projectile”

laser

Shortest attainable duration —>
_ _ 18 227 26 e
1D PIC simulation: NG )6

6 | o

> 10 neutrons/Joule A 108
N7, ~2fs : 06\\:
at 7 = 10 W/Cm2, O 41 | %
= 15fs S 0.4 <
= <l 0.2 8
2 0Ll 00%
6 7 8 910 2

L t (cycles) J
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D-D, colliding bunches scheme

-

laser

—

fD + D — 3He + n (2.45 MeV)

Two-side irradiation o
to minimize duration and

maximize the center-of-mass energy

Optimal thickness ¢ = 2/,

laser
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D-D, colliding bunches scheme

fD + D — °He + n (2.45 MeV)

Two-side irradiation
to minimize duration and

maximize the center-of-mass energy

Optimal thickness ¢ = 2/,

Dynamics of colliding bunches
from PIC simulation:

laser

t=—2.0T,

i

—-7.5 +71.5

10 %2/ N

-

laser

—

0.014
0.007

0.000
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Two-side irradiation
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Optimal thickness ¢ = 2/,

Dynamics of colliding bunches
from PIC simulation:

laser

—1.5 +1.5
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D-D, colliding bunches scheme

fD + D — °He + n (2.45 MeV) |

Two-side irradiation —
to minimize duration and

maximize the center-of-mass energy

Optimal thickness ¢ = 2/,

Dynamics of colliding bunches (=447,
from PIC simulation: 180 ’
£ 960
§ 640
320 -
o Jl_
i L 0 0.014
& 0 @ i0007
-
~ —1.04 0.000

—1.5 +1.5
10 %2/ N
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Two-side irradiation
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D-D, colliding bunches scheme

fD + D — °He + n (2.45 MeV) |

Two-side irradiation —
to minimize duration and

maximize the center-of-mass energy

Optimal thickness ¢ = 2/,

Dynamics of colliding bunches 1=4. 967,
from PIC simulation: 1280 *

T | 110.074
i +7.0 ¢ ]
S 0@ 0.007

0.000

—1.5 +1.5
10 %2/ N
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D-D, colliding bunches scheme

fD + D — 3He + n (2.45 MeV)

Two-side irradiation —
to minimize duration and

maximize the center-of-mass energy

Optimal thickness ¢ = 2/,

laser

Dynamics of colliding bunches 1=4. 967,

from PIC simulation: 1200
& 960

L > 640]

Thin foil of pure frozen D would 250! ]

be optimal (low n./n. ~ 40) < 4 gH D01
& 0 @ i0007
= ~1.0 0.000

—1.5 +1.5
10 %2/ N
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D-D, colliding bunches scheme

fD + D — °He + n (2.45 MeV)

Two-side irradiation e
to minimize duration and

maximize the center-of-mass energy

Optimal thickness ¢ = 2I;

laser

Dynamics of colliding bunches 1=4. 967,
from PIC simulation: f=au

£ 960

> 640]
Thin foil of pure frozen D would Y J—
be optimal (low n./n. ~ 40) N AP B [
but Cx Dy foil (ne/n. ~ 250) is - 0 %0007
more realistic S 1.0 S 000

—1.5 +1.5
10 %2/ N
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Neutron rate estimated from the simulation data.

Pulse duration: 15 fs
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Ultrashort neutron burst

o N

Neutron rate estimated from the simulation data.

Pulse duration: 15 fs £ (fs)
6 10 14
D:n’l, — ne/ncz40, < 4D
Ip=13x10"Wem™—™ " °
s
o 2
N@
N
N
O L
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Neutron rate estimated from the simulation data.

Pulse duration: 15 fs t (fs)

14 4 8 12
D:ni :,ne/nczllO,

I; = 1.3 x 1019 W cm™2

D,

CDs: n; =, ne/n. = 250,
I; =1.3x 102 Wem™?
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Ultrashort neutron burst

o N

Neutron rate estimated from the simulation data.

Pulse duration: 15 fs t (fs)

6 10 14 4 8 12
D:ni :,ne/nczllO,

I; = 1.3 x 1019 W cm™2

D | ob,

I = 1.3 x 1029 W cm ™2

:
CDs: n; =, ne/ne = 250, ;
)
x

Neutron burst duration:
~ (.7 fs (FWHM)
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Ultrashort neutron burst
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Neutron rate estimated from the simulation data.

Pulse duration: 15 fs t (fs)

D: s — 10 L
T ne/nfg_ L gy | co,

Ir, =1.3x10" Wcm N 6

g :
CDs: n; =, ne/n. = 250, ; 2
I =13x10%Wem™? =

S

RS
Neutron yield (10° cm™)

0

Neutron burst duration: LT
~ (.7 fs (FWHM) t (cycles)

LNeutron yield: ~ 10 J~ " (D), ~ 102 J~" (CD») |
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Ultrashort neutron burst
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|

Neutron rate estimated from the simulation data.

Pulse duration: 15 fs t (fs) —~
6 10 14 4 o 12

D: n; =, ne/ne = 40, >~ 4l . 8 §
Ip=13x10"Wem™> " | 2 63

= .
CD2 ni > ne/nc — 2505 ™ ’2 ! E

a2 i §)
Ir;=13x10°Wem—> =, EX
Neutron burst duration: o 3 4/5 61 2 3 als S
~ (.7 fs (FWHM) t (cycles)

LNeutron yield: ~ 10 J~ " (D);~ 102 J ' (CD») |
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Conclusions

o N

# Studying ion acceleration by circularly polarized pulses

of the ion acceleration
dynamics: effects due to fast electrons have been
separated from those due to radiation pressure alone

- suggests a of ion acceleration (we wait for
experimental data!)

# A very similar dynamics has been observed in the radial
lon acceleration following charge-displacement
self-channeling in underdense plasmas.

# The ion bunches produced in this regime may open a
perspective to bring the duration of

down in the
| |
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