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• Pre-pulse creates pre-plasma

• Main pulse accelerates electrons to MeV

• Electrons create sheath at rear side
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10 - 50 μm

• Pre-pulse creates pre-plasma

• Main pulse accelerates electrons to MeV

• Electrons create sheath at rear side

• Recirculation can enhance sheath

• Sheath accelerates protons
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Energy spectrum shaping

• Shaping of the energy spectrum and of the spatial energy 
distribution

- Using an additional ns ablation laser pulse to shape the spatial 
energy distribution

- Defocusing of the main pulse to increase the flux of the lower 
energy protons

- Double pulse experiment with two CPA-pulses to shape the 
energy spectrum



Proton acceleration with ns ablation pulse

Short pulse
5 µm diameter
I = 4x1020 W/cm2

τ = 600 fs

Long pulse
500 µm diameter
I = 1011-1013 W/cm2

delay = 0.5 - 6 ns

Carroll et al., PRE 76 (2007)
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Proton beam enhancement

without long pulse
Emax = 26 MeV

with long pulse
I = 2x1012 W/cm2

3.6 ns delay
Emax = 32 MeV

- laser energy 512 J
- target: copper 25 µm
- > 20% increase of maximum energy
- significant improvement of the beam 

quality Carroll et al., PRE 76 (2007)



Proton beam enhancement

with long pulse
I = 2x1012 W/cm2

3.6 ns delay
Emax = 32 MeV

- laser energy 512 J
- target: copper 25 µm
- > 20% increase of maximum energy
- significant improvement of the beam 

quality

HD6 profile (10.4 MeV)

Carroll et al., PRE 76 (2007)
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Intensity and time scan

Au 25 µm
spacing 10 µm
depth 1 µm
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angle of beam spread and source size



focus diameter scan: 
diameter: 30 - 450 µm
target:  Al 2 µm
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laser focus scan: 
36 - 50 - 90 - 161 - 189 - 233 µm

Optical transition radiation



laser focus scan: 
36 - 50 - 90 - 161 - 189 - 233 µm

Optical transition radiation

OTR



Robinson et al., Plasma Phys. Controlled Fusion 49, 373 (2007)
a0 = 2.0, 1.5, 1.0, 0.5

Douple pulse CPA



shot 32 DP 
target: 25µm Au 
CPA: 108 J; ratio: 1:10
delay:1.5ps
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• Focusing and transport of laser-accelerated protons by mini-
quadrupoles

- Could the co-moving electrons be safely removed?

- Experiment with MPQ‘s permanent magnet quadrupoles (PMQ) 
at the Z-100 TW laser at *Sandia National Laboratories

Proton focusing

*Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United 
States Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.



Z-100 TW (40 J, < 1 ps, I > 5 x 10 19 W/cm2) OAP
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distance: 20 mm

however due to the extremely short duration of
the accelerating field (o10 ps), the longitudinal
phase-space energy–time product must be less
than 10!4 eV s. The 3D PIC simulations show
that longitudinally the acceleration is extremely
laminar, in the sense that the spread of proton
energies in a given longitudinal slice is very

small. We estimate from the simulation an
energy–time product of o10!7 eV s. Such extre-
mely good longitudinal velocity ‘‘chirp’’ of the
beam is interesting since it could in principle
allow to monochromatize a portion of the beam
by coupling it to the field gradient of a post-
accelerator.

ARTICLE IN PRESS

1e+11

-1e+11

5e+10

-5e+10

0

1e+11

-1e+11

5e+10

-5e+10

0

1e+11

-1e+11

5e+10

-5e+10

0

0 1 2 3 4 5 6

x (cm)

0 1 2 3 4 5 6

x (cm)

0 1 2 3 4 5 6

x (cm)

d
en

si
ty

 (
cm

)
d

en
si

ty
 (

cm
)

d
en

si
ty

 (
cm

)

initial profile

electron

electron

electron

ion

ion

ion

Ex

Ex

Ex

t=0.33 ns

t=0.66 ns

t=1.32 ns

Bion=0.12T

Fig. 5. 1D PIC simulation of co-moving electrons stripping out of the plasma beam by a 0.12T magnetic field positioned downstream
from the target foil where the beam (electrons+protons) is accelerated. The beam density and the particles energies are deduced from
experimental measurements. The magnetic pressure, far greater than the space-charge one, ensures the removal of the electrons.

T.E. Cowan et al. / Nuclear Instruments and Methods in Physics Research A 544 (2005) 277–284 283

see T.E. Cowan et al, NIMA 544, p. 277 (2005)

Electron stripping is possible
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Electron stripping is possible

distance: 100 mm
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Z-100 TW; E = 40 J, I > 5 x 1019 W/cm2

target, 
25.4 μm Cu

RCF
Al, 12.7 mm

1st QP, 17 mm 2nd QP, 15 mm

stainless steel, 6.35 mm
RCF

170 mm 43 mm

500 mm

Miniaturized 
magnetic lens

∅ 5 mm

255 mm
40 mm

Quadrupole focusing



2nd RCF stack1st RCF stack

Quadrupole focusing

Emax > 22 MeV



2nd RCF stack1st RCF stack

Quadrupole focusing

Emax > 22 MeV



Quadrupole focusing

Emax > 22 MeV

15 MeV



2nd RCF stack

Proton flux enhancement

1st RCF stack



2nd RCF stack

Proton flux enhancement

1st RCF stack



2nd RCF stack

Proton flux enhancement

- Proton flux is increased 
by almost two orders of 
magnitude for 14 MeV 
protons

1st RCF stack



Z-100 TW; E = 40 J, I > 5 x 1019 W/cm2

target, 
25.4 μm Cu

RCF Al, 12.7 mm
1st QP, 17 mm 2nd QP, 15 mm

stainless steel, 6.35 mm
pinhole of 
Thomson 
parabola 

Energy selection (next step)



Z-100 TW; E = 40 J, I > 5 x 1019 W/cm2

target, 
25.4 μm Cu

RCF Al, 12.7 mm
1st QP, 17 mm 2nd QP, 15 mm

stainless steel, 6.35 mm
pinhole of 
Thomson 
parabola 

maximum (FWHM)^ in diameter is seen on the
RCF at the center of the cylinder_s shadow (spots
as small as 200 mm have been observed, depend-
ing on the detector position). In this case, the
proton flux within the spot at the film plane is
increased as many as 12 times compared with the
unfocused part not captured by the cylinder
(Fig. 2B). Based on the known properties of the
proton source and on the decay time of the fo-
cusing fields Einferred to be È 10 ps from
particle-in-cell (PIC) simulations and experimen-
tal results (26)^, a focused current of about 5 A
can be estimated for the conditions of Fig. 3. We
also studied the evolution of the beam size, as a
function of the propagation distance from the
cylinder. This was done under the same con-
ditions of Fig. 2. The behavior of the 7.5-MeV
proton component is shown in Fig. 3. For this
energy, the beam size is only 8 mm after 70 cm
of propagation, whereas when freely propagating,
the size of the beam would have beenÈ260 mm.
An energy spectrum was obtained, in the same
experimental configuration, with the use of the
magnetic spectrometer, having an entrance slit of
250 mm positioned 70 cm away from the proton
source (Fig. 4). As a reference, we also show a
typical exponential spectrum collected in the
same conditions but without the microlens. The
data clearly shows the energy-selection capability
of the microlens: Because of selective collima-
tion of the 6.25-MeV protons, these could be
transmitted efficiently through the spectrometer
slit (acting as an angular filter), and their
density after the slit in the spectrally dispersed
plane is enhanced as compared with the free-
space expansion case. For this shot, the 6.25-
MeV protons experience the focusing fields for

È5 ps before exiting the cylinder. We obtained
an energy spread of 0.2 MeV—limited by the
spectrometer energy resolution—for the peak
located at 6.25 MeV. The numerical simula-
tions performed in the same conditions as in the
experiment suggest that the spectral width of the
peak is about 0.1 MeV and hence narrower than
demonstrated by the experimental spectrum shown
(Fig. 4). By varying the optical delay between
the laser beams, the location of this peak on the
energy axis can be tuned selectively (as demon-
strated experimentally), thereby allowing us to
tailor the energy distribution of the transmitted
beam, a necessary step for many applications.
Notably, with this approach, focusing and energy
selection are provided simultaneously.

We performed one-dimensional (1D) and 2D
PIC simulations of field generation at the micro-
lens_s walls and 3D test-particle simulations of
proton propagation through the microlens. The
simulations were performed in three steps with
the use of the CALDER code (27). First, we
verified with 2D simulations that the laser pulse
triggering the microlens by irradiating the
cylinder_s outer wall generated a population of
hot electrons that spread evenly on the cyl-
inder_s walls. We then used a 1D code to simu-
late the plasma expansion within the cylinder
(i.e., we simulated the expansion of two slabs of
plasma separated by the cylinder_s diameter of
700 mm). The expansion is driven by a hot-
electron population that has a Boltzmann distri-
bution with a temperature of 400 keV, as given
by the ponderomotive potential at the irradiance
of CPA2 (28). The initial electron density at the
cylinder_s wall was estimated by considering
that a 40% fraction of the laser energy Einferred

from experimental measurements (29)^ is con-
verted into hot electrons and that these are then
spread evenly on the cylinder_s walls. This re-
sults in a hot-electron density of È6 ! 1016

cmj3. We assumed that when the plasma ex-
pansion starts, the field obtained in the PIC sim-
ulation is the same along the whole cylinder.
Finally, we simulated the propagation of a
proton beam in the cylinder through the space-
and time-dependent fields obtained from the PIC
simulation. The proton source used in the sim-
ulations has a divergence and energy spectrum
as measured in the experiment.

The successful comparison between the sim-
ulations and the data (Figs. 3 and 4) supports the
scenario in which laser-triggered transient fields
drive the selective deflection of the protons.
The transient field (30) is associated with a hot-
electron sheath that extends over a Debye
length ahead of the plasma, expanding toward
the cylinder_s axis (26, 31). The different ener-
gy components present in the proton beam spec-
trum transit through the cylinder at different times
depending on their different velocities, with high-
er energy protons crossing the cylinder at earlier
times. Protons passing through the microlens be-
fore it is triggered (as in Fig. 2A for the 9-MeV
layer) do not experience any fields and are there-
fore not deflected. Protons which are crossing
the cylinder and are close to its end when it is
triggered and that therefore experience the fields
for only a short time will exit the cylinder with
a very low divergence (as in Fig. 2A for the
7.5-MeV layer). Lower energy protons will ex-
perience a larger cumulated field along their
propagation through the cylinder. The particle-
tracing simulations suggest that they are there-
fore focused at a short distance from the exit
plane of the microlens and diverge strongly after
focus. This is consistent with the diluted beam
observed on the RCF stack positioned a few
centimeters away and with the strong dip
observed in the spectrum of Fig. 4 below 6
MeV. Finally, protons that have very low
energy (i.e., below 4 MeV in the case of Fig.
4) pass through the microlens after the fields
have vanished and do not experience any
deflection. Additional simulations were per-
formed to test the scalability of the microlens
to higher proton energies, as needed for
applications such as proton therapy. We
computed that, using the same cylinder as in
our experiment and a slightly more intense
CPA2 triggering laser pulse (1019 W/cm2), one
could reduce the divergence of 270-MeV pro-
tons. Protons of such high energy transit through
the microlens in a short time (13 ps); therefore,
even higher laser intensities, on the order of
1020 W/cm2, would be required to focus them.
The focusing device described in this paper
has potential use in all applications of energet-
ic protons in which reduced divergence, large
flux, or narrow energy range are required. These
include most of the proposed applications in
scientific, medical, and technological areas. For

Fig. 3. Evolution of the FWHM of the proton
beam along its propagation, for protons with
energy of 7.5 MeV (the propagation distance is
calculated from the proton source). The black
circles correspond to the case without the micro-
lens (free-space divergence), the blue diamonds
to the particle-tracer simulation in the fields
given by the PIC simulation, and the red squares
to the experimental results with the use of the
microlens. The RCF shown on the right of Fig. 2A
corresponds to the red point at 9.5 cm.

Fig. 4. Experimental proton spectra measured
with a magnetic spectrometer without the micro-
lens (black line) and with the microlens (green
line), and proton spectra obtained from simula-
tions (red and blue lines) performed with the use of
the experimental proton beam parameters and the
magnetic spectrometer parameters (i.e., distance
from the source and slit characteristics). The red
and blue curves were obtained with the use of
energy bins of 0.2 and 0.1 MeV, respectively. The
simulated spectrum was obtained by tracing, for
each energy bin, 5000 protons through the fields
predicted by the PIC simulation.
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