
HAL Id: hal-03046046
https://hal.science/hal-03046046

Submitted on 12 Aug 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Physics of chromatic focusing, post-acceleration and
bunching of laser-driven proton beams in helical coil

targets
M Bardon, J Moreau, L Romagnani, C Rousseaux, M Ferri, F Lefévre, I

Lantuéjoul, B Etchessahar, S Bazzoli, D Farcage, et al.

To cite this version:
M Bardon, J Moreau, L Romagnani, C Rousseaux, M Ferri, et al.. Physics of chromatic focusing,
post-acceleration and bunching of laser-driven proton beams in helical coil targets. Plasma Physics
and Controlled Fusion, 2020, 62 (12), pp.125019. �10.1088/1361-6587/abbe35�. �hal-03046046�

https://hal.science/hal-03046046
https://hal.archives-ouvertes.fr


Physics of the chromatic focusing, post-acceleration and bunching of laser driven ion beams in helical coil
targets

M. Bardon,1, a) J. G. Moreau,1 L. Romagnani,2 C. Rousseaux,3 M. Ferri,1 F. Lefèvre,2 I. Lantuejoul,3
B. Etchessahar,1 S. Bazzoli,3 D. Farcage,4 H. Maskrot,4 F. Serres,2 M. Chevrot,2 E. Loyez,2 E. Veuillot,2
W. Cayzac,3 B. Vauzour,3 G. Boutoux,3 G. Sary,3 A. Compant La Fontaine,3 L. Gremillet,3 A. Poyé,5
E. D’Humières,6 and V. T. Tikhonchuk6, 7

1)CEA-CESTA, Le Barp F-33114, France
2)LULI, CNRS-Ecole Polytechnique-CEA-Université Paris VI, Palaiseau F-91128,
France
3)CEA-DIF, Bruyères-le-Châtel F-91297, France
4)CEA-Saclay, Gif-sur-Yvette F-91191, France
5)Aix-Marseille Université, CNRS, PIIM, UMR 7345, Marseille F-13397,
France
6)CELIA, University of Bordeaux-CNRS-CEA, Talence F-33405, France
7)ELI-Beamlines, Institute of Physics CAS, Dolní Břežany 25241, Czech Republic

To increase the fluence and the maximum energy of laser driven ion beams in view of potential applications
such as isochoric heating of dense material or isotope production, it has been proposed to attach a helical
coil normally to the rear side of the irradiated target. By driving the target discharge current pulse through
the coil, this scheme allows to focus, post-accelerate and select in energy a part of the ion beam. The
previously published results are extended to higher laser pulse energies and longer coils. This leads to an
increased number of guided protons and the generation of several proton bunches. Large scale particle-in-cell
simulations with realistic boundary conditions reproduce well the experimental results. A detailed analysis
of the numerical simulations and an analytical model demonstrate the crucial role of the discharge current
pulse dispersion in the proton bunch trapping and focusing.

I. INTRODUCTION

Since the 2000s, ion acceleration by intense and short
laser pulses1,2 has become an intense research field due to
many promising applications such as isochoric heating3,
isotope4 or neutron5 production, plasma radiography6,7,
ion driven fast ignition8,9, and tumor therapy10. The
laser generated ion beams present interesting proper-
ties such as low emittance, short pulse duration, high
current, high laminarity and high brightness. Among
all the ion acceleration mechanisms, the Target Normal
Sheath Acceleration (TNSA)11,12 is the most robust pro-
cess. Here, the ions are accelerated by TV/m sheath elec-
tric fields created by the laser heated and recirculating
electrons, from the rear side of a thin solid foil. How-
ever, these ion beams have a large divergence angle (∼
40◦), energy bandwidth (exponential distribution) and
their maximum energy strongly depends on the laser in-
tensity.

To overcome these limitations, numerous upgraded
schemes have been designed to collimate, select in en-
ergy and post-accelerate the ion beam emitted from the
rear side of the irradiated target. Static methods consist
of using curved (rear side) targets, hemispheres or mi-
crostructured targets3,12–19 or injecting the TNSA pro-
duced ions in a permanent magnetic quadrupole20–22 or
pulsed solenoid23,24. Other methods dynamically control
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the focusing and possibly the energy selection of the ions
emitted from the rear side of the target. The authors of
Ref. 25 use a cylinder irradiated by a second laser pulse
so that the laser generated protons are focused by the
strong radial electrostatic field (TV/m) produced inside
the cylinder. Control of the time delay between the two
laser pulses allows energy selection of the focused pro-
tons in this microlens. Another alternative is to inject
the laser-produced ions in a radio frequency-based accel-
erator or a beam transport device26–29.

Kar et al.30 proposed to attach a helical coil nor-
mally to the rear side of the irradiated target foil so
that the generated TNSA ions propagate along the helix
axis. This structure has an advantage of producing, col-
limating, energy selecting and post accelerating the ion
beam. It also benefits from an “all-optical approach”30,
because a single intense laser pulse is needed to produce
the ion beam and to trigger the ion focusing and post-
acceleration, without any extra driver.

This multi-physics and multi-scale process can be sum-
marized as follows. During the interaction of a relativistic
laser pulse with a target, hot electrons are produced31
and start to escape from it. The target potential rises
with time to a megavolt level and prevents more elec-
trons to escape32–34. At the same time, an ion beam
is produced at the rear side of the target by the TNSA
mechanism11,12. Escaping hot electrons are charging pos-
itively the target, and a short discharge current pulse is
generated at the same time with the ion acceleration.
This current pulse propagates along the wire turned into
a helix30,35–38 and generates an electromagnetic pulse
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(EMP)39,40 which focuses, post-accelerates and energy
selects the ions. The helix plays a double role of an
electromagnetic field guide and delay line for the dis-
charge current pulse. Such a structure is commonly used
in radio-frequency accelerators41,42 and travelling wave
tubes43.

The effectiveness of this structure has been demon-
strated in a proof-of-principle experiment30 using a ∼ 30
fs duration ∼ 3 J energy laser pulse focused at peak in-
tensity of a few 1020 W cm−2 on a thin gold foil with
a helical coil L = 7.8 mm long and a = 0.4 mm radius
attached to the rear side of the target. It has been tested
also with longer (∼ 600 fs) laser pulses of similar energy
(∼ 5− 7 J) and shorter helical coils (L = 1.8 to 5.5 mm)
in Refs. 35, 44, and 45.

The phenomenology of the ion focusing and post-
acceleration in a helix has been studied in numerical sim-
ulations but the set-up was not sufficiently representa-
tive. Jiang et al.46 used Particle-In-Cell (PIC) simula-
tions to simulate the interaction of the laser pulse with
a micrometric-scale and fully ionized target and a he-
lical coil. This setup cannot be applied to a conduct-
ing, millimetric-scale, and non-ionized helical wire. Kar
et al.30,35,44 used test particle simulations47 of the pro-
ton focusing and post-acceleration by the electric field
generated by a charged ring moving along the coil axis.
However, the charged ring has a prescribed shape and
propagates with a constant velocity along the wire. The
velocity v ≈ 0.96c± 0.04c was deduced from the analysis
of a proton probing experiment of the electromagnetic
pulse propagation along a folded wire. By contrast, in
this article we show that the current propagation along a
helical wire is different from the propagation in a linear
or a folded wire. The current pulse propagation along
a helical wire is subjected to a velocity dispersion and
results in a modification of the current pulse shape.

We report here on the study of proton acceleration
with laser pulses of a high energy (40 J after compres-
sion compared to 7 J in Ref. 44) and with long helical
structures (from 8 to 15 mm). It is shown that the holder
of the target and the helical wire must be carefully de-
signed to prevent a short-circuit. The performances of
the helical structure are analyzed with three-dimensional
(3D) large scale PIC simulations using realistic bound-
ary conditions for the helical wire modeled at the real
scale48. Numerical simulations are in good agreement
with the experimental results. They demonstrate that
a discharge current pulse propagates through the heli-
cal wire and generates an electromagnetic pulse (EMP),
which affects on the protons dynamics. As the intrinsic
inductance and capacitance of the helical structure de-
pend on the frequency49, the discharge current pulse is
subject to dispersion, which affects its propagation veloc-
ity along the helix axis and has a strong impact on the
proton bunching. The current pulse dispersion is illus-
trated with an analytical model derived from the trav-
eling wave tube theory43,49, which is in good agreement
with the numerical simulations.

FIG. 1. Experimental set-up.

This paper is structured as follows. Section II presents
the set-up and the results of the experimental campaign
carried out on the LULI2000 facility. Section III presents
numerical simulations of proton acceleration and bunch-
ing and their comparison to experimental results. Sec-
tion IV presents the analysis of evolution of the dis-
charge current during its propagation along the helical
wire, observed in the PIC simulations and in the analyt-
ical model. Section V summarizes the new phenomena
observed in the experimental campaign and the effects
of current dispersion on the proton post-acceleration and
bunching.

II. EXPERIMENTAL CAMPAIGN

A. Experimental set-up

The experimental campaign was conducted on the
LULI2000 facility50 (Ecole Polytechnique, Paris, France)
employing the pico2000 laser delivering a laser pulse at a
wavelength λl = 1.053 µm, with energy El = 40± 4 J on
target, and duration τl = 1.3 ps. The laser was focused
at normal incidence on a 20 µm thick and few mm large
gold (Au) foil using a f/4 off-axis parabola to a spot of
10 µm full-width at half-maximum (FWHM), leading to
peak intensities of the order Il ≈ 1019 W cm−2. The
laser contrast was 10−10 at 1 ns before the main pulse,
increasing to 10−6.5 from 1 ns to 0.5 ns, and remained at
this level to 0.08 ns. The residual pressure in the chamber
was ∼ 10−4 mbar.

The experimental set-up is shown in Figure 1. The an-
gular and spectral distributions of the proton beam are
diagnosed, with and without the helical structure, by a
stack of radiochromic films (RCF) located from 2 to 6 cm
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(a) (b)

(c) (d)

FIG. 2. Set-ups used to hold the target foil alone (a) and the
helical coil attached to the rear side of the foil (b, c, d).

behind the foil target. Two 10 µm thick aluminium foils
are added at the front of the RCF stack to stop the ma-
jor part of X-rays and hot electrons. Measurement of the
opacity of RCF films gives an absolutely calibrated pro-
ton spectrum (see Appendix A for details). The discharge
current is measured in several shots with (Figure 2(d))
and without (Figure 2(a)) the helical structure. A B-dot
probe is used to measure the magnetic field at a distance
of 22.5 cm from the target chamber center (TCC).

During this campaign, several target and holder ge-
ometries have been tested. In first series of laser shots,
a 20 µm gold foil was attached to a vertical copper strip
fixed at a dielectric holder made of PEEK (PolyEther
Ether Ketone) (see Figure 2(a)). This target holder ge-
ometry allows to guide the discharge current32 to the
ground and is dedicated to the measurement of the dis-
charge current intensity. By integration, we have also
accessed to the emitted charge and can control the shot
to shot stability.

In other laser shots, a helical wire was attached to the
rear side of the gold foil. This helical wire had a shape
of a spring, it was manufactured industrially from a 200
µm diameter steel or stainless steel wire. The coil radius
was set to a = 0.5 mm, the length was varied from L = 8
mm to 15 mm and the pitch from p = 0.35 mm to 0.45
mm. Three different holders of the coil and target foil
have been tested (see Figure 2):

(i) Panel b shows a helical coil maintained at its end
by a 1-mm-thick aluminium (Al) vertical strip.

This strip guides the discharge current pulse to the
ground or the scope. It is supported by a dielectric
holder made of PEEK.

(ii) Panel c shows a helical coil maintained at its end
by a vertical pin. The other extremity of the pin is
connected to the ground.

(iii) Panel d shows a dielectric holder wrapping the heli-
cal coil with the Au foil pasted on it. In this much
more robust design, the Au foil is perfectly per-
pendicular to the coil axis and the electric contact
between the foil and the coil is insured. This tar-
get holder also permits the measurement of the dis-
charge current.

For all these holders, the spectral and angular profiles
of protons emitted from the target were measured by a
RCF stack.

B. Experimental results and evidence of proton
focusing, post-acceleration and energy selection

Figures 3, 4, 5 and 6 present the major effects of the
helical structures on the proton beam properties. Fig-
ure 3 displays a comparison of the angular and spectral
profiles obtained on the RCF stack of the proton beam
emitted from the rear side of the foil target (a) and from
the end of a helical coil attached to it (b). This helical
structure has a pitch p = 0.45 mm, a length L = 8 mm
and it is held at the end by a 1 mm Al strip as shown in
Fig. 1(a). The proton profile obtained without the heli-
cal coil is common to the TNSA mechanism and features
an opening angle α ≈ 40◦ for the lowest energy protons,
and α ≈ 20◦ for the 10 MeV protons. Protons with en-
ergy Ep . 9 MeV are stopped by the 200 µm diameter
stainless helical wire51. Therefore, comparisons with and
without the helical coil were performed inside the aper-
ture angle of the coil (∼ 5.7◦) which is represented by
the red circle in Fig. 3.

In Figure 3(b), a dark spot much smaller than the coil
aperture angle is observed for proton energy greater than
5 MeV. It means that a large proportion of protons with
Ep > 5 MeV are well focused. This dark spot is still ob-
served for energy of 18 MeV and it is much darker than
the one observed without the helical wire. This focusing
is quantitatively demonstrated in Fig. 4(a) by a compari-
son of the maximum fluence measured on each film of the
stacks in Fig. 3 as a function of proton energy with (red
curve) and without (blue curve) the helical coil. This
plot shows, in particular, that the maximum fluence for
proton energy Ep > 10 MeV is multiplied by a factor
& 7 with the use of the helical coil. This result has been
confirmed in several other shots. Figure 4(b) presents a
comparison of the corresponding proton spectra with (red
curve) and without the helical coil (blue curve). The pro-
ton charge with Ep > 3.5 MeV is increased from 1.5 nC
(Np ∼ 9× 109), without coil, to 3.3 nC (Np ∼ 2× 1010)
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with the coil and that the proton effective temperature
Tp (measured as a slope of proton energy spectrum) is
increased from 2.9 to 4.8 MeV.

This comparison demonstrates that the helical coil has
focused a large number of protons which were not emitted
originally in its aperture angle. By considering a short
current pulse propagating along the helical wire with the
velocity vi ≈ c30,36, one may expect that the collimated
protons are the ones which propagate with the same ve-
locity as the current pulse along the coil axis:

v0 =
β√

1 + β2
c, (1)

where β = p/2πa is the tangent of the angle of the turns
with respect to the helix axis. This velocity corresponds
to the proton energy Ep ≈ 9.6 MeV. However, Figure
4 shows that the energy bandwidth of collimated pro-
tons is much larger, it covers the interval from 3.5 to 15
MeV. This is due to the fact that the current pulse does
not conserve the initial Gaussian shape while propagat-
ing along the helical wire with a constant velocity. By
contrast, this pulse is modulated during its propagation,
which results in modification of its effective velocity (see
Sec. IV).

Another important phenomenon is a halo observed in
Figure 3(b) for the smallest proton energies, which is
much bigger than the coil aperture. This halo is observed
in the great majority of the shots with different holders
(including the Al strip holder). We suspect that it is
produced by the protons which are focused at a short
distance from the coil end and are then defocused, be-
fore reaching the RCF stack. This hypothesis will be
confirmed in future experiments.

The use of a helical coil with pitch p = 0.45 mm and
length L = 8 mm hold by a pin (see Fig. 2(c)) gives sim-
ilar results to the ones obtained with an Al strip holder.
A proton spectrum measured 3 cm away from the target
is plotted in red in Fig. 5 and compared to the proton
spectra measured 4 cm from the target without helical
coil (blue curves). These proton spectra (obtained in
seven laser shots without the coil) are similar, despite
small variations of laser energy, duration and focal spot.
A comparison shows that the proton temperature has
been multiplied by a factor of 4 and the maximum pro-
ton energy has been increased by approximately 5 MeV,
which then reaches 19.6 MeV. This post-acceleration of
the proton beam in the helical coil is also flagged by a
comparison of the proton angular and spectral distribu-
tion on the RCF stack in Fig. 3.

Figure 6 shows the proton spectrum emitted out of
a longer helical coil (p = 0.35 mm, L = 15 mm) held
by an Al strip (see Fig. 2(b)) measured in a 3◦ cone 6
cm away from the target. It is compared to the proton
spectrum measured in a 3◦ cone 4 cm away from the
target without helical coil. This comparison emphasizes
two proton peaks around 3 MeV and 10 MeV that are
formed with a long helical coil. This is a demonstration

(a)

(b)

FIG. 3. Comparison of the proton beam profile on the RCF
stack obtained without (a) and with (b) the use of a helical
coil and measured 4 cm (4.5 cm respectively) away from the
Au foil. The helical coil attached to the target rear has a pitch
p = 0.45 mm and a length L = 8 mm. The red circle shows
the aperture angle of the coil. The energy written above each
RCF corresponds to the energy of protons whose Bragg peak
is located at the RCF position in the stack (see Appendix A
for details).
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(a)

(b)

FIG. 4. Comparison of the proton beam maximum fluence
(a) and spectra (b) obtained with (red) and without (blue)
the helical coil. The helical coil has a pitch p = 0.45 mm and
a length L = 8 mm.

FIG. 5. Comparison of the proton beam spectra obtained
with (red) and without (blue) the helical coil. The helical coil
has a pitch p = 0.45 mm and a length L = 8 mm.

FIG. 6. Comparison of the proton beam spectra obtained
with (red) and without (blue) the helical coil. The helical coil
has a pitch p = 0.35 mm and a length L = 15 mm.

of proton bunching of the helical coil, which is further
discussed in Sec. III.

These experiments have unambiguously demonstrated
the proton focusing, post-acceleration and bunching by
a helical coil for a higher laser energy (E = 70 J)
and a longer coil (between 8 to 15 mm) than the past
publications30,35,44.

C. Impact of the target and helical coil holder
in high energy laser experiments

A holder with a helical coil wrapped by the PEEK ma-
terial (see Fig. 2(d)) was also tested. This holder is very
robust and convenient for alignment, but the experiment
showed that, despite these advantages, it does not lead
to proton focusing or post-acceleration. To understand
this difference compared to other holders, the discharge
current has been measured. It is plotted in blue in Fig.
7(a) and compared to another laser shot without heli-
cal coil. The discharge current is very similar in both
cases. This provides evidence that the current does not
propagate along the helical coil but passes through the
PEEK holder although it is originally an insulator. Our
hypothesis is that it is being ionized by x-rays and en-
ergetic electrons during the laser target interaction and
conducts surface currents. This observation shows that,
at a high laser energy, the helical coil holder can have a
strong impact on the coil performance and it must be de-
signed with care. In order to avoid such issues, the helical
coil must be held at the opposite end of the target.
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(a)

(b)

FIG. 7. (a) Discharge current measured at the end of the
target holder 2.d with (blue) and without (red) helical coil.
(b) Accumulated target charge.

D. Characterization of electron and proton
emission from the gold foil target

Experimental results shown above allow us to infer in-
formation about emission of electrons and protons from
the target. The proton spectra obtained without heli-
cal coil plotted in blue in Fig. 5 can be fitted with a
Maxwellian function:

dNp/ dEp = N0 exp (−Ep/Tp) (2)

with the effective temperature Tp = 3 MeV and cutoff
energy Ep,max ≈ 15 MeV. Integrating this spectrum over
the interval [1.6, 15] MeV gives the total emitted proton
charge of the order Qp ≈ 50 nC.

According to Figure 7(a), an amplitude and FWHM
duration of the discharge current pulse are 6 kA and
100 ps, respectively. The current pulse is modified
while propagating through the coil (see Sec. IV) and
also through the Al strip, which has an inductance of
30 − 50 nH. Therefore, the pulse duration observed in

FIG. 8. Target, coil and holder set-up. The meshed part is
shown in the red square.

Figure 7 is much longer than the one at the beginning of
the coil due to dispersion effects. In Sec. III, we present a
method allowing to infer this initial pulse duration. The
total charge accumulated on target due to the escaped
electrons can be estimated by integrating the discharge
current over time, Qe =

∫ t

0
I(t′) dt′. As shown in Fig-

ure 7(b), it is of the order of Qe ∼ 600−700 nC, which is
in agreement with the data obtained in other experiments
with similar laser pulse parameters40,52.

III. LARGE SCALE PIC SIMULATIONS

Numerical simulations were conducted with the code
Sophie48 developed at the CEA-CESTA. This 3D PIC
code solves, in a dielectric material, the Maxwell’s equa-
tions for the electromagnetic fields and, in vacuum, the
relativistic dynamics equations for electrons and protons
along with the Maxwell’s equations. The complete target
and holder geometry is modeled by appropriate boundary
conditions on the conducting surfaces, electrons and pro-
tons are ejected from the target surface according to pre-
scribed emission laws. The code simulates the electron
and proton dynamics, target charging, discharge current
generation and propagation through the helical coil and
Al strip self-consistently.

The reference case considers a helical coil (p = 0.35
mm, L = 15 mm) attached to the rear side of a foil target
(see Fig. 6). The target, coil and holder are assumed
to be perfect conductors and are meshed in real scale
with the cell size ∆x = ∆y = ∆z = 20 µm (2 × 109

cells, see Figure 8). The PEEK holder is modeled as
a dielectric with permittivity ε = 3.2 and permeability
µ = 1. Electrons and protons are modeled with 30 million
macroparticles.

Energy and angle distributions of the proton emission
are taken from the experiment, from the shots with tar-
get foil alone (see Figs. 3(a) and 5). The total charge
is Qp ≈ 50 nC. The energy distribution is a Maxwellian
function (2) with the effective temperature Tp = 3 MeV
over the interval [1, 13] MeV. The angular distribution
dNp/ dθ is approximated by a super-Gaussian function
centered around θ = 0. Temporal shape of proton emis-
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sion dNp/ dt is assumed to follow a Gaussian law. Du-
ration of proton ejection (a priori a few ps) is experi-
mentally unknown, but it is a insignificant compared to
the time of proton propagation along the coil (a few 100
ps), and bunch stretching due to the velocity dispersion.
The transverse size of ion emission zone is set to 200 µm,
which is of the same order as reported in Refs. 53 and
54.

Proton dynamics inside the helical coil is only governed
by electromagnetic fields generated by the discharge cur-
rent propagating along the coil. Therefore, accurate de-
scription of electron emission is necessary in order to re-
produce the accurate magnitude and pulse duration of
the discharge current in the coil. However, the electron
emission characteristics are a priori unknown. Only the
current intensity at the end of the Al strip and the net
charge are measured in the experiment. The input pa-
rameters of the simulation have then been set as follows.
The size of the electron emission area is set identical to
the one of protons (200 µm). The angular distribution is
assumed to be isotropic. The spectrum of emitted elec-
trons dNe/ dEe is assumed to follow the same exponen-
tial law as protons (2) with temperature Te = 3 MeV and
maximum energy Ee,max = 15 MeV. The total emitted
charge is 600 nC. The rate of electron emission dNe/ dt
was inferred from a series of simulations. It is assumed
to be a Gaussian function with a FWHM varying from
τe = 3 ps to 60 ps. Proton spectra in a 3◦ cone ob-
tained in these simulations at the end of the helical coil
are compared to the experimental data in Fig. 9. The
maximum proton energy in the simulated spectra is in
good agreement with the experiment within the error,
independently of the chosen electron emission duration.
However, the two proton peaks around 3 and 10 MeV ob-
served experimentally only appear in the simulated spec-
tra, if the electron emission duration is less than 15 ps.
This time τe ≈ 15 ps was chosen for the duration of elec-
tron emission in all subsequent simulations.

This time is comparable to the one measured in Refs.
30, 36, and 37, where proton beam was used to diagnose
transient electric fields6,7 generated by a current pulse
propagated along a wire shaped into a square or helical
pattern. The test particle simulations47 carried out to re-
construct the current pulse time profile give a triangular
shape with a ∼ 5 ps rise and a ∼ 10 ps decay.

The model of electron emission34 can also be used to
predict the duration and the total charge of escaped elec-
trons. We consider a laser pulse with energy El = 40 J,
duration τl = 1.3 ps, wavelength λl = 1.05 µm, and focal
spot diameter l = 10 µm interacting with a 2× 2× 0.02
mm3 gold foil. For these parameters, the hot electron
temperature is about 2 MeV and duration of electron
emission of about 20 ps is determined by the electron
cooling time in the target. This time is consistent with
the estimate based on the analysis of the spectra of pro-
tons emitted out of the coil. The total charge of es-
caped electrons calculated with the model is in the range
300 − 450 nC, depending on the laser absorption coeffi-

FIG. 9. Comparison of the simulated and measured proton
spectra at the end of the coil. The helical coil has a length
L = 15 mm and a pitch p = 0.35.

cient, which also is in qualitative agreement with obser-
vations.

The so defined electron and proton emission laws were
used in a simulation of a helical coil with p = 0.4 mm
and L = 8 mm. Proton spectrum measured at the end
of the coil is compared to the spectrum measured in the
experiment in Fig. 10(a). A good agreement is found, in
particular for the 4 MeV proton peak and the maximum
energy around 20 MeV.

Therefore, a combination of experimental results and
simulations lead us to infer the electron and proton emis-
sion laws from target staying alone. Using these laws,
large scale PIC simulations with a real scale target and
realistic boundary conditions are able to reproduce the
experimental results obtained for various helical coils (see
Fig. 10).

IV. PHYSICS OF THE CURRENT PULSE
PROPAGATION ALONG THE HELICAL
COIL AND ITS EFFECT ON PROTON
BUNCHING

Based on this good agreement between simulations and
experimental data, a more detailed analysis of the current
pulse propagation along the helical coil can be performed.
This analysis is completed by an analytical model derived
from the traveling wave tube theory43,49. In this section,
we consider the case of a target with a long helical coil
(L = 15 mm, p = 0.35 mm) described in Secs. II B and
III.
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(a)

(b)

FIG. 10. Comparison of the simulated and measured proton
spectra at the end of the coil. The helical coil has a length
L = 8 mm in panel (a) and 15 mm in panel (b), and a pitch
p = 0.40 (a) and 0.35 mm (b).

A. Analysis of large-scale PIC simulations

Figure 11 displays a comparison of the propagation of
the discharge current pulse along the coil axis in the cases
where the initial duration of the discharge current are
τe = 15 ps (a) and τe = 60 ps (b). From the geometrical
considerations, the expected velocity of the current pulse
propagation along the coil axis v0 is given by Eq. (1).
The black dashed lines in Fig. 11 represent this constant
velocity propagation. One can see that: (i) the velocity
of the positive pulse is higher than the one predicted by
Eq. (1), and (ii) after z = 2 mm, the positive current
pulse disperses and its amplitude decreases. At the same
time, a negative current pulse is appearing behind it. A
major part of this modulation can be explained by the
inductive coupling between the neighboring coil turns.
In front of the positive pulse, negative currents are not
visible in Fig. 11(a) because they are offset by the ar-

(a)

(b)

FIG. 11. Comparison of the discharge current pulse propaga-
tion along the helical coil axis for an initially short (τj = 15
ps) (a) and long (τj = 60 ps) (b) electron emission. The
helical coil has length L = 15 mm and pitch p = 0.35 mm.

riving strong positive pulse. Consequently, the duration
of the positive current pulse increases and its intensity
decreases with time, while the negative current is rein-
forced until it becomes dominant after z = 4 mm. This
phenomenon repeats itself several times for the negative
and positive current phases. Each time this phenomenon
occurs, the dominant discharge current is delayed. This
is shown in Fig. 11(a) by the four black dashed lines.
On the contrary, the positive current shown by the black
arrow is propagating along the helix axis with a higher
velocity than the one predicted by Eq. (1). This means
that this positive pulse propagates directly along the coil
axis and not along the wire. This is explained by the
capacitive coupling between the neighbouring coil turns.

When the discharge current pulse has a longer initial
duration of τe = 60 ps (Fig. 11(b)), the positive current
pulse remains dominant all along the helical coil axis and
propagates with a velocity higher than v0 (see black ar-
row). So instead of having alternative positive and nega-
tive pulses, there is only one positive current pulse. This
affects the proton bunching as shown in Fig. 10, where
the two peaks around 3 and 10 MeV in the proton spec-
trum are not observed with this longer initial pulse du-
ration. Thus, negative current pulse plays a key role in
the proton bunching.

This role is illustrated in Fig. 12 showing the axial
electric field Ez, calculated in the numerical simulations.
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FIG. 12. Distribution of the axial electric field Ez inside the
helical coil calculated in the numerical simulations at the posi-
tions where the current pulse is positive (a) and negative (b).
The z-axis is directed toward the right. The orange arrow
represents the location of the current pulse.

For a positive current pulse 12(a), protons are acceler-
ated at the front of the current pulse and decelerated
at the back, but for a negative current pulse 12.b, they
are decelerated at the front and accelerated at the back.
This means that, when the negative current pulse be-
comes important, protons are bunched. Finally, if the
current never becomes negative during its propagation
(case for tp = 60 ps), there is no bunch, but if the cur-
rent becomes several times negative, several bunches ap-
pear (case for tp = 15 ps). Therefore, if one wants to
get several bunches, it is important to use longer helical
coils.

These figures confirm that the intrinsic capacitance
and inductance of the helical coil have a strong impact
on the discharge current propagation along the coil and
therefore on the proton bunching. This new description
of the current pulse propagation along the helical coil is
confirmed by an analytical model described in the next
section.

B. Model of the current pulse propagation
along a helical conductor

In this section, we present an analytical model of the
current pulse propagation along a helical conductor. This
model is derived from works by Pierce43 and Kino and
Paik49, who have established the dispersion equation for
a sheath helical conductor in the frequency domain. We
first recall that the propagation of a current J along a
linear wire is described by the telegraph equation55:

1

C0L0

∂2J

∂τ2
=
R0

L0

∂J

∂t
+
∂2J

∂t2
, (3)

where ∂τ is an elementary length along the wire and C0

and L0 are the wire capacitance and inductance per unit
length. As the resistance is neglected in numerical simu-
lations, R0 is set to zero in the model.

A model of current propagation in helices has been de-
veloped in the 1950s for the travelling wave tubes, which
are used as electromagnetic wave amplifiers. The sheath
helix model has originally been proposed by Pierce43. In
this model, the helix is considered as a thin cylinder with
an anisotropic conductivity, which is non-zero only in the

FIG. 13. Dependence of the pulse phase velocity on the wave
number obtained from the dispersion equation (4) for helical
coils with different radii and pitches.

helical direction. The basic equations of this model were
further developed using a circuit approach by Kino and
Paik in Ref. 49. The model is set in the Fourier domain
assuming that the pulse wave length 2π/k along the helix
axis z is larger than the turn length, ka . 1. Then, the
dispersion equation relating the pulse frequency and the
wave number ω(k) reads:

ω

kc
=

β√
1 + β2D

, where D(γa) =
I1(γa)K1(γa)

I0(γa)K0(γa)

(4)
with γ = (k2−ω2/c2)1/2 and In and Kn being the mod-
ified Bessel functions of the first and second kind. A
relation between the phase velocity vph = ω/k and the
wave number k is shown in Figure 13. In the limit of
ka � 1, the pulse wavelength is shorter than the turn
length, the coupling between turns can be neglected,
and pulse propagates with a geometric velocity v0. By
contrast, for longer wavelengths, the capacitive coupling
dominates and pulse propagates faster with the phase
velocity increasing when approaching asymptotically the
light velocity for ka→ 0.

Knowing the pulse dispersion ω(k), one can describe
the propagation of the pulse in the Fourier domain by
Eq. (5) derived from the telegraph equation (Eq. (3)):

[
ω2 − ω2(k)

]
Jk,ω = 2ikv2ph(ω)Je(ω) (5)

where the right hand side accounts for the current injec-
tion at z = 0, at the contact between the foil and the
helical coil. Assuming a Gaussian shape of injected pulse
Je(t) = J0 exp(−t2/2τ2e ), and by performing the inverse
Fourier transform, in frequency and wave number, one
can calculate the spatio-temporal profile of the electric
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(a)

(b)

FIG. 14. Model of the current pulse propagation along the
helical coil. Comparison for an initially short (τe = 15 ps)
(a) and long (τe = 60 ps) (b) pulse emission. The helical coil
has a radius a = 0.5 mm and a pitch p = 0.35 mm. Figures
obtained from the numerical resolution of Eq. (6).

pulse along the helical coil axis. The latter is given by:

J(z, t) =

√
2

π
βcJ0τe

∫ +∞

0

dk

× exp[−ω2(k)τ2e /2]√
1 + β2D(γ(k)a)

cos[kz − ω(k)t]. (6)

To compare predictions of this model with the results of
numerical simulations shown in Fig. 11, we solve numer-
ically Eq. (6) using the expression (4) for ω(k).

Figure 14(a) displays the propagation of a discharge
current pulse along the coil axis, with the initial dura-
tion τe = 15 ps. Similarly to Fig. 11(a), we observe
that the amplitude of the main pulse decreases during
its propagation and that a negative current is induced
behind it. This negative current is reinforced with time,
and as in Fig. 11(a), the current pulse changes its sign
three more times before the end of the coil. Figure 14(b)
where τe = 60 ps can also be compared to Fig. 11(c). In

both figures, the main pulse undergoes much less disper-
sion and keeps its sign during its propagation along the
coil axis. Besides, Fig. 14 confirms that the current pulse
is propagating with a higher velocity than the velocity v0
(2) predicted by the coil geometry (black dashed line).

The results obtained by this model are then in good
agreement with the large-scale PIC simulations. It con-
firms that the current pulse propagates with a dispersion
in velocity, which results in modulation of its intensity
and generates negative current pulses. It also confirms
that the main positive pulse propagates with a velocity
higher than v0. These phenomena must be taken into ac-
count in order to obtain a synchronization between the
current pulse and protons, and also to obtain the desired
proton bunching. Thus, the current propagation model
can be helpful in the future helical coils design.

V. DISCUSSION AND CONCLUSION

W have demonstrated the effectiveness of the helical
coil devices at high laser energy and intensity. As pre-
dicted, the use of high energy laser pulses leads to an in-
crease of the energy cutoff of the proton beam, the num-
ber of guided protons (which reach ∼ 109 protons mm−2)
and the energy of the proton beam which is of the order
of 10−30 mJ. The proton focusing, post-acceleration and
energy selection have been demonstrated at this laser en-
ergy level. The use of long (15 mm) helical coils has
proven to be interesting for the generation of several
proton bunches. We have shown that, at these high
laser energies and intensities, the target and helical coil
holder must be carefully designed in order to avoid short-
circuits.

Large scale numerical simulations have been per-
formed, with realistic material properties, with the 3D
PIC code Sophie48. We have demonstrated that they
can reproduce, with a good agreement, the experimen-
tal proton energy distribution at the end of the coil for
various helical coil geometries.

Analysis of the numerical simulations allowed to clearly
identify the physics of the current pulse propagation
along the helical coil and its effect on the proton
bunching. The source of the chromatic focusing, post-
acceleration and bunching is the discharge current pulse
generated by the charge ejection from the target. This
current propagates along the helical coil and produces an
electromagnetic pulse inside and outside the helical struc-
ture, which acts on the proton beam. Contrary to what
has been described in the past publications30,35–37,44,45,
we have demonstrated that the current pulse does not
propagate with a constant phase velocity calculated from
the coil geometry (1), but that it is dispersed in veloc-
ity due to the frequency dependence of the capacitance
and inductance of the helical coil. This dispersion mod-
ulates the current intensity during its propagation along
the helical coil, negative current pulses appear and lead
to a favorable configuration of the longitudinal electric
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field for the proton bunching. Therefore, several proton
bunches can be formed using long helical coils. Each
current pulse propagates with a velocity greater than the
one calculated from the coil geometry (1). This must be
taken into account in order to obtain a synchronization
between the current pulse propagation and the protons.

We have confirmed this propagation process by its
comparison with an analytical model of the current pulse
propagation along a helical conductor43,49, which is in
good agreement with the PIC simulations. This current
propagation model can be useful in the future helical coils
design and optimization. These results are of interest
for the further experiments with optimized coils where
the discharge current velocity can be adjusted to proton
bunches of prescribed energy.

The use of helical coils opens up the possibility to
transport high flux quasi-monoenergetic proton beams
to distant targets. A larger distance between the pro-
ton source and the target is interesting for experiments
for isotope production, isochoric heating or ion driven
fast ignition. This device can also be improved by using
curved targets to control the proton flux injected in the
coil or structured targets to increase laser absorption and
efficiency of proton acceleration.

Appendix A: Proton spectra obtained from the
analysis of the dose deposition in the RCF stacks

The RCF stacks used in this experimental campaign
were composed of HD-V2 (GafchromicTM) films and two
10 µm thick aluminium foil at the front to stop the major
part of X rays and hot electrons. These films are made of
a . 100-µm-thick polyester substrate and few-µm-thick
active layer. A few weeks after the experiment, the films
of the stack were scanned with a transparency acquisition
and a high resolution (600 dpi).

For each RCF stack, and for each laser shot, the pro-
cedure to obtain the absolute proton spectrum is the fol-
lowing.

The optical density (OD) is firstly calculated for each
film j and each canal c (red [R], green [G], blue [B]) :

ODc,j(x, y) = log10

Ic,j(x, y)

Ic,0
(A1)

where (x, y) is a point at the surface of the film j, Ic,0 =
max Ic,0(x, y) is the maximum transparency of a chosen
film which has not been irradiated. We choose to use
the sum optical density ODs =

∑
cODc because of good

sensitivity at low dose deposition and no saturation at
high dose deposition. We then calculate the fluence for
each film j:

Fj(x, y) =

{
f(DOs,j(x, y)) if ODs,j(x, y) > ODth

0 if ODs,j(x, y) 6 ODth

(A2)
where ODth = 10−3 is the chosen threshold optical den-
sity under which any signal is considered as noise and f

is a function transferring the optical density to the flu-
ence. This function has been calibrated by irradiating
other RCF to known doses on a radio-frequency particle
accelerator.

For a given aperture angle α of interest, the fluence
is integrated over the corresponding circular surface S =
π(dTCC−RCF tanα)2, where dTCC−RCF is the distance
between the proton source and the RCF stack, to obtain
the total deposited proton energy Edep,j on each film j

Edep,j =

∫∫
S

Fj(x, y) dx dy. (A3)

The Monte Carlo code GEANT4 (GEometry ANd
Tracking)57 is used to calculate the matrix which gives
the energy loss ek,j of each proton with the initial en-
ergy Ep,k in each film j of the stack. The total deposited
energy in each film j (A3) then writes:

Edep,j =
∑
k

ek,jNk (A4)

where Nk is the number of protons with initial energy
Ep,k. Besides, each film j can be associated to the energy
Ej = Ep,j of protons which deposit most of the energy
in it. The location of this film in the stack corresponds
to the position of the Bragg peak of the corresponding
proton. Then, by using a deconvolution algorithm which
inverts Eq. (A4), the proton distribution (Ej , Nj) and
the proton spectrum dNp/dE are obtained.
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