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Outline

» Laser-Accelerated Protons as a probe of Laser-Plasma

interactions
* Proton probing-based investigations
> Plasma expansion and sheath acceleration
> Pulse self-channeling in the charge-displacement regime

> Ultrafast charging dynamics



Use of laser-accelerated protons as a probe
of EM fields in laser-plasma interactions
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Modeling of “proton probing experiments”

The proton probing techinque (PPT) is unique in providing space-
and time-resolved measurement of probe proton deflection which
can be traced back to the effect of electric and magnetic fields.

Interpretation of proton diagnostic data usually occurs
through three steps:

1. Find a model (analytical and/or numerical)
for the electric field E(x,¢) [and/or the magnetic field B(x,7) ]

- frequent need to bridge the gap between temporal scales or
dimensionality of laser-plasma “ab initio”

simulations (particle-in-cell method) and those of the experiment:

fs = ps, 2D = 3D

2. Simulate the proton diagnostic via particle tracing simulations
with E(x,7) [and/or B(x,7) ] as input

3. Compare simulated proton images with experimental ones



Detection of Proton-Accelerating Sheath Fields
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Detection of Proton-Accelerating Sheath Fields
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Experimental detection of sheath fields
using the proton diagnostic
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Study of charge-displacement self-channeling

A superintense laser pulse
propagating in a low-density Probe baam for
plasma (produced in a gas jet) ierierom Y
undergoes self-focusing and
channeling due to both
relativistic effects and radial
plasma expulsion by
radiation pressure.

For a transient stage the
channel is charged since
electrons are expelled first.

Proton probing along the /—\
direction perpendicular to ] | .

0.1n

propagation has been used
to study this effect




Proton images of charged channel evolution
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Channel front propagation speed

T(x,E)

Plotting the channel front

displacement X (E) vs. the probing
time T (X ,E) we obtain the front

propagation speed V~c

/ 'r(x,E) — to(E)

Due to the divergence of the
proton beam the “probing time”
depends on angle (i.e. on the
position on the object plane)
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2D PIC simulations show “radial” field dynamics

Two ambipolar fronts  Qutward-directed radial field Ey

of Ey appear in the due to electron expulsion
trailing edge of the channel; from axis
“negative” part can produce EM component E
“black line” in proton images Z,
reveals self-focusing
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A. Macchi, R.Jung, J.Osterholz, O.Willi, M.Galimberti, L.A.Gizzi, A.Schiavi, R.Heathcote,
New J. Physics 9, 402 (2007)



Ponderomotive model of self-channeling
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Ponderomotive model of self-channeling
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Dynamic control of proton beam properties

Concept: achieve focusing and energy selection of the proton
beam by “external” devices or by “target engineering”
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Shaped targets designed as
electrostatic (?) lenses
Kar et al., PRL 100 (2008) 105004

Both approaches pose the question on how rapidly the
electric field created by escaping electrons propagates on the

surface of the target



Electrical charging of a laser-irradiated solid wire

a 125 wm dia. Au wire RCF stack

CPA, | zero-level

20 um Au foil

~—3 mm—

b [ @[

65 mm

- In the interaction with a wire target a fast positive charging
followed by later discharging is observed:

escape of fast electrons and return neutralizing current?

- The propagation of the field out of the interaction region is not
resolved with a “vertical” wire

K. E. Quinn et al, accepted on PRL



Propagation velocity of the charging wave
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Flowing current and loss of electrons from the wire

From the measurement of 81 =
the radial field E and the 1 LN
r A '
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The estimate of the fraction of electrons
escaped in vacuum f thus obtained is
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Simulation of field propagation on the rear surface

PIC simulations of a “model problem” show a “double front”
structure of the current at the rear surface:
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Field propagation on the rear surface of solid targets
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Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets
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Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Field propagation on the rear surface of solid targets




Conclusions

- The proton probing technique (PPT) with picosecond resolution
allowed detailed studies of many relevant ultrafast phenomena
in laser-plasma interactions for the first time, stimulating
theoretical and computational work

- Noticeably, PPT improved our understanding of the physics of
proton or ion acceleration itself

- The analysis of the “wire” experiment provides useful information
for the development of “dynamic control” devices:

 velocity of space-charge wave along the surface

« detection of electromagnetic front due to “antenna” effect of
escaping electrons

« estimate of number of electrons escaping in vacuum

This talk may be downloaded from

www.df.unipi.it/~macchi/talks.html
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