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An investigation of the electromagnetic (EM) pulse produced by high intensity laser- solid inter-
action has been carried out by employing the proton probing technique. Lasef parameters including
energy, pulse duration and intensity were varied to investigate the influenée“en the EM pulse am-
plitude. The data reveal that the amplitude of the EM pulse depends on t. e‘in\{ilt laser energy
and the pulse duration. The optimum pulse length for a given laser edergy‘is foundito be close to

100 fs. The net charge associated with the traveling EM pulse has beenyfounid to be dependent on

the laser intensity, in a good agreement with a semi-empirical model’The
pulse is important for the post acceleration of laser driven proton-bea

PACS numbers: 534

In the last decade, advancement in laser technology has
led to a tremendous amount of research work in the field
of high intensity laser matter interaction [1-4]. In the
near future, the availability of 10 PW class lasers will fur-
ther thrive an unprecedented quest to study strong field
quantum electrodynamics and several nonlinear physic
issues, which were inaccessible so far [5]. Already, us

erstanding of the EM

T~

so-called trans&nt electromagnetic (EM) pulse produced
by the interaction of a high intensity laser pulse with a
{liﬁtar et that is guided through a miniaturized helical

fraction of the hot electrons can escape the target
eading to the build up of a positive potential on the tar-

cotl="By the intense laser interaction, the electrons are
\gﬁla&_ed to MeV energies at the front of the target. A
sm

existing 100s of TW class lasers, the generation of var- get“and hence a neutralizing current is drawn from the
ious types of particle- and radiation sources have Nound towards the interaction region. Consequently, a
demonstrated, which have significant potential in ma transient EM pulse flows towards the ground.

scientific and medical applications. In particu }?scr

. . e
driven protons for cancer therapy [6] is oné of the most
attractive applications being envisioned, a chatac-

laser- driven ions is the target n eath acceleration
(TNSA) process [7, 8]. The TNSA accelerated ion beams
as high laminarity and ul-

tra low emittance. The energy spectrum is however typ-
ically broadband, the bz{m hai la;g'e divergence and a
lower flux at higher enérgies. These characteristics limit
its potential applicati lerous experiments with
en performed to optimize and
the ion sources [9-13].

an acceleration gradient of > 0.5GeV/m. This accel-
efation gradient is already well above the level which
thc%en{ional accelerators can deliver, and promises
a high, quality beam as needed for the applications men-
tioned apove. The key ingredient of this technique is the

*Corresponding author: Rajendra.Prasad@hhu.de

As discussed in ref. [15], analytical modelling indi-
cates an optimum laser pulse duration and a strong de-
pendence of the EM pulse amplitude on the laser energy.
Therefore, a detailed study of the laser parameters af-
fecting the EM pulse is vital for further optimization of
the post-acceleration scheme. Furthermore, these studies
will also set up a benchmark for the scaling of the accel-
eration efficiency at short pulse multi-PW laser facilities
available for experiments in the near future including the
ELI [16] and the APOLLON laser systems [17].

In this letter we report on a parametric study carried
out to optimize the strength of the EM pulse generated
from a laser solid interaction. Laser parameters such as
energy, pulse duration and intensity were varied to quan-
tify the dependence of these parameters on the EM pulse.
The experimental data reveal that for 100 fs laser pulses a
maximum in the amplitude of the EM pulse is observed.
In addition, the dependence on the total charge of the
EM pulse associated with the laser intensity is presented,
which has been found to be consistent with the estimates
of a semi-analytical model employing the ChoCoLaT II
code [18].

The experiment was carried out at the ARC-
TURUS laser facility of the Heinrich-Heine-University of
Diisseldorf [19]. The Ti:Sapphire laser system delivers
pulses in two beams with energies up to 5J in each of
the beams with a pulse duration of ~ 30fs (FWHM) at
the central wavelength of 800 nm. Exploiting this dual
beam capability, a pump-probe set-up was used for this
experiment. A schematic is shown in Fig. 1(a). One of
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FIG. 1: (Color online) (a) Experimental set-up for the investigation of the EM pul
of the EM pulse flowing along a folded wire towards the ground at different times
energy protons traversing the interaction region. The times mentioned at the bottem ri
proton probing timings. In (b) and (c) the solid arrows are the guide to the eye and“show
pulse towards the ground. The dotted lines mark the deflection of the proténs
probing time (d), the depleted region is very small now as the EM pulse has

lines at each layer is the imprint of the proton beam profile.

the beams was focused by an off-axis f/2 parabola to a
Gaussian focal spot of 5 um (FWHM), which is hereafter
referred to as the “interaction beam”. The energy and

irradiated target was a 10 um gold foil, attached to an

y the time of flight of the different
corners correspond to the absolute
direction of the flow of the EM

m thewactive (or field) region. For the late
a; d-nﬁ,]&e black region encircled by the dotted

b

u% protonprobing. (b)-(d) Snapshots
n
i

ating a depletion of the proton signal in
, and an accumulation of protons at a small
ay from the active region depending on the
of the region and the energy of the probe pro-

e Tregio
its sha

)

i
distance

eréfore directly reveals the strength of the EM pulse at

pulse duration of the interaction beam were varied to i poten
vestigate their effect on the EM pulse amplitude. M. Measuring the proton deflection in the radiographs
e

wire 100 pm in diameter, which is folded to a squar
pattern (SWP), as shown in Fig. 1(a). This target design
allows to keep the EM pulse for a long time in

view of the probing proton beam. The second béam vas,

used to accelerate protons from a 10 um Adfeil for'prob-

ing the EM pulse (hereafter named as “I:%DN 7).
laser beam

Using an off-axis f/2 parabola, the
an mensity

for both

proton source, the

probing region [20, 21] ca ith high spatial
he geometrical

resolution in a point proj

magnification of the s{e wed by M ~ 1+ L/I,

where L is the distance from the probing plane to the

detector and [ is eﬁytance om the proton source
or our case, L = 35+ 1 mm

to the probing
hich gives M ~ 9. A stack

)
M)
o
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+
=
@
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<
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@
m
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of radiochromi
used as a

in a ps by creating a plasma in
of the beams and probing optically by the

ample}Jf the data of the EM pulse traveling to-
s thesgroind along the folded wire is shown in Fig.
““Due to the poly-energetic nature of the proton
images on the three layers are generated by differ-
ent progon energies such as ~ 3.1 MeV, ~ 4.5 MeV and
~ 5.6 MeV, which correspond to probing times of 155 ps,
185 ps and 287 ps respectively. When the probe protons
encounter a region of electrically positive potential, due
to the electrostatic force, they are deflected away from

V\K;given position and time along the probed wire. As the

oton deflection also depends on the probe proton en-
ergy, the electric field profiles around the wire at different
probing times were extracted using the particle-tracing
simulation code PTRACE [24]. In this code, the charged
particle is traced by solving the equation of motion using
a Runge-Kutta fourth-order algorithm, coupled with an
adaptive step size monitoring routine. The probed wire
was modeled by the PTRACE code using a cylindrical
coordinate system. The electric field at any given point,
and at a given time, was computed assuming a linear
charge density along the wire. A linear charge density
profile along the wire for each shot was constructed from
the data by following the procedure at different segments
of the SWP at different times. The dimensions of the wire
were taken from the target images recorded prior to the
shot. After the transit of the protons through the field
region defined by the wire, the stack detector records the
location of every incident proton.

Systematic parametric scans were carried out to ex-
plore the effect by varying the laser pulse duration (from
30 fs up to 200 fs) and the laser energy from 90 mJ up to
400 mJ (assuming a 30% energy content within the focal
spot of FWHM) on the target. Fig. 2(a) shows the effect
of the laser pulse duration on the EM pulse amplitude
characterized by the linear charge density profile along
the wire. Various laser pulse durations were achieved
by detuning the compressor of the interaction beam. As
shown, a maximum linear charge density was found at
100 fs for both sets of measurements at laser energies of
300 mJ and 90 mJ on the target. It is interesting to note
that the optimum laser pulse duration of ~ 100 fs for the
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charge density on the laser energy at a fixed intensity of 8.5 x 1018 W/ cm?.
changing both the laser energy and the pulse duration. The error bars acco
of the EM pulse. The dotted lines in (a) and (c) are guides to the eyes. &he do

generation of a strong EM pulse amplitude is consistent
with the model presented in refs [15, 27]. In Fig. 2(b),
the linear charge density is plotted against the laser en-
ergy for three different laser pulse durations viz. 30
100 fs and 200 fs. This graph illustrates the effect of

fs,

he
laser energies on the amplitude of the EM pulse. As (S\ Here ¢ is the free space permittivity and 7ty = 1.15
be seen in Fig. 2(b), the linear charge density at afgiyen & mul, is the radius of the foil target assuming a cir-

%-aular disc equivalent to a square shaped target of ~

laser pulse duration increases linearly with the lase
ergy for our energy range. A more generic t
on an analytical estimate, for a wide range of e
discussed later.

Based on the phenomenological model discussedyin ref.

param-
eters and the net charge esca ponential elec-
tron spectrum can be assu the form, dN/dE

(No/Up)exp(—E/Up), whe E/s t lectron energy,
U, = kT is the ponde tive ;;Zential of the inci-
dent laser pulse, kg is g\/Q Boltzmann’s constant and T

is the hot electron temperatuge. Ny is the total number of
d"?r the geraction given as Ny =
i e

xponential spectrum, where E, is

Mathematically, one can write
the nlunber olg)scaping electrons as

esc — (nEL/UP) 6$p(—6¢/Up),

(1)
A .
wheré, ¢ is obtained from the energy balance equation

eNesc/Ctar = (b (2)

Considering eNgs. = Q = ffooo Adl, where A is the linear
charge density per unit length, typically obtained in our

Laser energy on target (J)

aser energy on target (J)

charge density on the laser energy
(c) The dependence of the linear
sity of the pulse is kept the same by
inaccuracy in calculating the amplitude
d lines in (b) are a linear fit.

ecerime ~760 nC [15]), for instance,

L9 = Q/Char = Q/(8e0Ttar) ~ 0.9MeV. (3)

2.3 x 2.3mm? as used in the experiment. This poten-
tial is significantly smaller than the hot electron temper-
ature in our case which is estimated to be a few MeV
using the ponderomotive scaling [7]. It is therefore rea-
sonable to assume that the target size does not affect
the electron escape. Under this condition, i.e for a suf-
ficiently high electron temperature such that e¢ < Up,
increasing the laser energy simply would lead to an en-
hanced charge accumulation at a fixed laser pulse du-
ration. Assuming the typical I'/2 scaling for the hot
electron temperature [1], one can express the equation 1
as Nese(EL) ~ kivEL(1 — koo//EL), where k; and
ko are constants for this equation. Equation 2 there-
fore suggests that the target potential scales with /Ep,
which implies, by substituting in the above expression for
Neso(EL). Consequently, the target charge also scales
with +/E; which is in broad agreement with the data
shown in Fig. 2(b). As shown later in this paper, this
also agrees well with the results obtained from simula-
tions based on a more detailed modeling of the highly
dynamic process of the target charging following the laser
interaction.

When decreasing the intensity at a given energy, for
instance by increasing the pulse duration, the total num-
ber of electrons (Np) produced by the interaction is en-
hanced with a lower average energy. Consequently, this
increases the net escaping charge ) and the target poten-
tial ¢. However for sufficiently low intensities the average
electron energy is less than the target potential. The net
escaping charge starts to drop as there are fewer hot elec-
trons surpassing the potential barrier. For a given laser
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AI::Py and varying intensity, equation 1 indicates that
lle number of escaping electrons (Nes.) will be maximum
‘h'cﬂﬁg:: U,, which yields the condition for maximum
electron escape, U, [in MeV] = 1/0.37 nEL/Cia[in pF].
Considering a prudent 30% laser-electron conversion ef-
ficiency [25, 26], the optimum electron temperature for a
300 mJ laser energy is ~700 keV in our case which cor-
responds to a laser pulse duration of ~ 150 fs, in broad
agreement with the data shown in Fig. 2(a).

The electrical charging of the target during the interac-
tion is a highly dynamic process, which is self-consistently
governed by the temporally evolving target potential due
to the escape of the hot electrons. The collisional cooling
of the hot electrons inside the target can, in principle,
lead to a significant loss of the electron mean energy over
several ps of the charging period. Hence, it plays an im-
portant role for long pulse durations (2 ps), as suggested
by the model presented in [18, 27]. The cooling time of
electrons can be obtained using the hot electron temper-
ature and the stopping range of the electrons.

The maximal range reached by the electrons (with an
energy of 3.3 MeV) is calculated by using data from ES-
TAR [28] which gives a stopping range of 1.1 mm. Based

L—.IO'Z
on these parameters, a prudent estimation is ~ 0.5 ps, f \ 102 101 10° 10!
the cooling time in our case which is significantly longer Laser pulse duration (ps)

linear charge density shown in Fig. 2(b).

(a) 100 T T

)
£
e 4
o
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Total charge (nC)

contained in the EM pulse on the laser intensity at three dif-

than the laser pulse durations discussed here. Thegefore,
it is reasonable to neglect electron cooling in the ob&NIG. 3: (Color online)(a) The dependence of the total charge
i

In order to decouple the effect of the laser

Qe

from the laser energy, both the laser energygand the pulse
duration were varied which provided a set o a forthe
linear charge density at a fixed intensit, shown ig.
2(c). Although the laser intensity was the e for all
the four data points, the linear charge density increased

almost linearly with the laser en 1 the target. This
implies that for a given ponderdmotive petential (i.e. for
a given temperature of the hét eleetron population pro-
duced by the interaction),

pulse increases the ﬂu>?ﬂ th

net escaping electrons.

Fig. 3(a) illustrat (Nf the laser intensity on
the total charge of the EM pulse*for three laser pulse du-
rations. The totad charge in the EM pulse is calculated by
considering an &AM Pulse uration of 25 ps (FWHM), as
reported in refs {15429) ééor ps and fs lasers. In addition,
a data poigt“(the ta circle) is shown from a pre-

r energy of the
ot ejtctrons, hence, the

rement( [15] performed at the ARCTURUS
laser system; Whicbcorresponds to a pulse of 30 fs, 1 J
yof-l ~ 102° W/cm?. Moreover, as shown
in Figh3(a), t& total charge in the pulse calculated from
imental data agrees well with that estimated by
i-analytical model of target charging reported in
ref. ],h‘nploying the ChoCoLaT II code. The total
chargetscales as I°-%4, similar to that predicted by the
phenomenological model discussed earlier.
Motivated by the agreement between the experiment
and the simulations, a systematic parametric scan for
the total charge was carried out using the ChoCoLaT II

ferent laser pulse durations viz. 200 fs (olive triangle), 100
fs (red square) and 30 fs (blue diamond). The point shown
in magenta is the data from the previous measurement re-
ported in ref. [15], where the laser pulse duration was 30 fs
and the laser energy was 1 J on the target. The solid lines
with corresponding colors of the experimental data, are ob-
tained from the ChoCalaT II code. (b) A parametric scan
is shown of the total charge by varying the laser energy and
the pulse duration, using the ChoCoLaT II code. The dashed
square represents the parameter range covered by the current
and previous experiments. The solid black line represents the
laser pulse durations to maximize the total charge for a given
laser energy. The arrow indicates the optimum pulse dura-
tion for the ELI-class lasers. Due to the extended range of
the pulse durations and energies used in this scan, the step
size on each axis was varied ensuring a good resolution. On
the time axis, for the time intervals [10 fs, 100 fs], [100 fs, 1
ps] and [1 ps, 10 ps], the simulation step sizes were 5 fs, 50
fs and 500 fs, respectively. Similarly, on the energy axis, the
step sizes for the energy ranges [10 mJ, 100 mJ], [100 mJ, 1
J] and [1 J, 20 J], were 5 mJ, 50 mJ and 0,5 J respectively.
The target thickness used in all these simulations was 10 pm
Au, as used in the experiment.

code for a range of laser energies and pulse durations as
shown in Fig. 3(b). As can be seen from this parametric
map, the total amount of charge contained in the EM
pulse gradually increases with the laser energy, however,
there exists an optimum pulse duration for a given laser
energy. The solid black line highlights the laser pulse
durations for different laser energies that optimize the
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‘ s It< charge in the EM pulse. The area covered by the ciated with the EM pulse for different laser pulse dura-
.dashed square represents the parameter range covered so tions fits well with the simulations using the ChoCoLaT
PUbI|§‘ &0 g] e experiments, whereas an optimum pulse du- IT code. The optimum laser pulse duration over a large

ration of a few 100 fs (as pointed out in the figure.) is
predicted by the simulations for the upcoming lasers in-
cluding the ELI-Beamlines, ELI-NP [30]. As discussed
in refs.[14, 15], an efficient post-acceleration of ions can
be achieved by harnessing the EM pulse via helical coil
targets. The strength of the longitudinal accelerating
field inside the coil target is directly proportional to the
strength of the EM pulse, i.e. the higher the amplitude
of the EM pulse the larger the acceleration gradient for
the post-acceleration of the proton beams. Therefore, it
would be highly favorable to use a laser pulse duration
at an optimum for a given laser energy on the target to
maximize the total charge Q in the EM pulse.

In summary, we have performed a detailed study of
the EM pulse amplitude by changing the laser parame-
ters. The experimental results suggest that the EM pulse
amplitude has a maximum for a laser pulse duration of
around 100 fs and the amplitude increases with the laser
energy for a given pulse duration. The total charge asso-

route for optimizatio

using helical coils fo laWen protons.
\xledgments

range of energies and pulse lengths was obtained from
the simulations. The simulations predict the optimum
pulse duration for the upcoming laser facilities allowing
the maximum charge to be achieved. These studies rep-
resent a significant step forward towards understanding
the dynamics of the ‘Ey pulse generation, and indicate a

required by the post-acceleration
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