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Motivation 

•! Laser propagation and channeling in near critical densities is 

important for the hole boring fast ignition scheme 

•! Ion acceleration at near-critical densities has been shown to be 

an interesting regime for producing high energy ion beams 
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Fig. 3. He2+ ion px against x-direction at times of 1.5, 2.5, and 3.5 ps. The initial boundaries of the rear density ramp are shown by the dashed lines.

the highest energy ions are accelerated from a significant depth
into the density ramp. This suggests that the Debye length in
this region is ∼10 µm.

The azimuthal magnetic field will exert a magnetic pressure
PB = B2/2µ0 on the electrons, preventing the return current,
which will allow the electric field to persist longer. In addition,
this will act to enhance the accelerating field for the ions
by preventing cold electrons from entering the electric sheath
region and allowing the ions to experience the accelerating
fields longer [21]–[24]. Holding back the background electrons
will keep the electron temperature in the sheath region high and
the electron density low, thereby extending the Debye length
in the region. It is difficult to quantify the overall influence of
the magnetic pressure on the ion acceleration process from the
simulations. However, it can be deduced that the magnetic field
presence is not a requirement for ion acceleration, since 1-D
simulations show similar ion acceleration for a purely space-
charge generated electric field.

B. Effect of Plasma Density

A number of simulations were performed to investigate the
influence of the plasma density on the ion acceleration. The ion
acceleration was investigated by varying the initial maximum
plasma electron density in the simulation setup described for
the acceleration mechanism investigation. Plasma densities of
0.01 nc, 0.05 nc, 0.1 nc, 0.3 nc, 0.5 nc, 0.75 nc, and 0.9 nc

were used. The density scan reveals the same dependence as
that observed experimentally. At the lowest density (0.01 nc),
the ion acceleration is almost purely in the transverse direction.
However, at 0.05 nc, the longitudinal acceleration is already
more effective than the radial acceleration. Fig. 4 shows the
maximum He2+ ion energies reached in the transverse and
longitudinal directions at 1.9 ps into the simulation as a function
of simulated plasma density. In the transverse direction, the ions
are accelerated beyond the ion charge Z times the ponderomo-
tive potential, Up = mec(

√
1 + 〈a2〉 − 1) ≈ 5 MeV for peak

a0 = 15, for all densities simulated. This can be attributed
to self-focusing of the laser (enhancing a0) [14] and shock
acceleration, as previously reported by Wei et al. [15].

The longitudinal ion acceleration increases with density until
it peaks at 0.75 nc, before a slight reduction as the density is
increased to 0.9 nc. As the density increases, there are more
electrons available for acceleration, and therefore, the density of
exiting electrons on the rear surface increases. In Fig. 4, this is

Fig. 4. Maximum He2+ ion energies in both the longitudinal and transverse
directions at 1.9 ps into the simulations, the maximum electric field (not at the
same times in the simulations), and the total longitudinal energy in the electrons
(>10 MeV) for each of the densities. The lines are a visual guide only.

shown by the maximum electric field seen in the simulation and
the total longitudinal energy in the fast (> 10 MeV) electrons,
which can be seen to increase with density. This leads to an
increase in the electric field and is able to accelerate ions to
higher energies.

C. Effect of Plasma Ramp Length

Another parameter investigated was the length of the density
ramp at the rear of the target. In solid target ion acceleration,
density ramps formed by preplasma at the rear of the target
have been found to be detrimental to ion acceleration [20]. The
reason for this is, if the preplasma has a scale length greater than
the Debye length, λD =

√
ε0kBT/e2ne0, the electrons are able

to move to shield ions from the accelerating electric field pre-
venting efficient acceleration. Taking the electron temperature
to be Te = 7 MeV and the electron density to be 4 × 1019 cm−3

gives a λD ∼ 3 µm. It is therefore expected that the density
ramp on the gas jet targets used in the experiment will have a
detrimental effect on the ion acceleration and that the simula-
tions can provide an approximate scaling with the ramp length.
For these simulations, the simulation box was 598 × 168 µm
with a resolution of 19.8 cells/λ in the longitudinal (x) direction
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Figure 3. Axial electron density profiles (i.e. at the center of the target) as given
by the DUED simulations for a target composed of 30 nm SiO2 and for two
targets with the same layer plus 20 and 60 nm of Al on top (the Al coating
being on the laser incident side). The profiles are shown at time t = 500 ps
after the onset of a laser pedestal with constant intensity I = 5 × 1010 W cm−2.
The laser irradiates the target from the right-hand side. The targets are initially
located at 0.
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Figure 4. Maximum proton energy versus target thickness using aluminum
targets of different thicknesses in intermediate contrast conditions. Dots indicate
the 1D PIC simulations, squares the experimental values. Each experimental data
point includes several shots (from 2 to 3) and the error bar on energy represents
the recorded rms shot-to-shot fluctuation. Error bars for 100 nm and 3 µm are
smaller than the box width. Lines are guides for the eye.

4. Experimental results

Figure 4 shows the maximum proton energies recorded by RCFs and the magnetic spectrometer
in these various plasma conditions. Each data point includes several shots (from 2 to 3) and
the error bar on energy represents the recorded rms shot-to-shot fluctuation. We observe two
peaks in the proton energy, one for 1 µm thickness and one for 50 nm, yielding a maximum
proton energy of ∼8 MeV for the 50 nm target and of ∼12 MeV for the 1 µm target. However,
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Previous work – using proton acceleration to diagnose 

laser propagation 

•! Vulcan experiments investigated laser propagation in the relativistic transparent regime, 

a0 = 35, (500 J, !L = 600 fs, 5 !m focal spot) using proton acceleration as a diagnostic. 

•! Omega EP experiment is lower intensity, a0 = 3, but longer pulse length, !L = 10 ps, 

where hole boring through the plasma is expected to be important for the channel 

formation and laser propagation. 
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Experimental setup 

laser 

Backlighter beam: 1000 J, 10 ps 

Focus: 80% of energy within 22 !m radius 

Peak intensity = 1.3 X 1019 Wcm-2 

a0 " 3 

(b) 3 mg/cm3 foam (c) 20 mg/cm3 foam

5 µm5 µm(a) mounted washer

Targets: 

Low density foam, CHO 

Mounted in 1mm x 1mm x 250!m washers 

Made by Wigen Nazarov 

Foam density 

(mg/cc) 

ne (nc) 

3 0.9 

10 3 

20 6 

45 13.5 

100 30 

Target at 

normal 

incidence 

Proton Film 

Pack (PFP) 

Transmitted Scattered 

Light Imaging diagnostic 

TSLID 

Filtered at 1053 +/- 10 nm 



Preliminary results 

Normalized data 
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Summary and Future work 

•! Summary of data so far: 

–! Density scan around the critical density has been shot on Omega EP 

–! High energy proton beams were measured 

–! Consistent trends observed with different diagnostics 

•! Future work: 

–! Run 2D particle-in-cell (PIC) code for Omega EP conditions 

–! Investigate the how much laser energy is transmitted through the 

foam, but shifted out of the bandwidth of the filter 


