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Ion acceleration from the front and rear sides of a foil target is observed by measurements of the ions’
spectral and spatial emission characteristics when irradiating the targets with ultra-short (40fs) high-intensity
laser pulses. The experimental results show that the origin of accelerated ions, both from the front and rear
surfaces of the target, strongly depend on the laser energy absorption mechanism. In particular, laser pulse
parameters, such as pulse duration and contrast, are crucial and determine the entire acceleration scenario.
Thus the experimental outcome can be controlled by selection of the irradiation conditions.

PACS: 41.75.Jv, 52.38.Kd, 52.50.Im

Recent high intensity laser-plasma interaction exper-
iments have shown unique features such as the acceler-
ation of electrons to energies more of than 100 MeV, of
ions to a few tens of MeV, and many other phenomena
(e.g. see [1]). For the present case, ion generation beam-
like characteristics such as high collimation, high particle
flux and short pulse duration have been demonstrated,
which make them attractive for new applications. How-
ever, in spite of extensive studies, the origin and the
mechanism of ion acceleration are still a matter of dis-
cussion. Ions are created and accelerated either at the
rear surface [2—4] through the self-consistent electro-
static accelerating field generated by fast electrons es-
caping in vacuum (the so-called Target Normal Sheath
Acceleration — TNSA mechanism) or at the target front
surface, illuminated by the laser [5—7]. Particle-in-cell
(PIC) simulations suggest a variety of mechanisms that
may be responsible for acceleration at the front surface:
formation of multiple collisionless electrostatic shocks at
high plasma density [8 —10]; a solitary wave produced by
shock-wave decayin a plasma slab [11] irradiated by an
intense picosecond laser pulse; or a mechanism wherein
the short laser pulse ponderomotive pressure displaces
the background electrons, and the ions are accelerated
by the electrostatic field of the propagating double layer
[12] thus formed.

Up to now, it is not clear which process; rear or
front surface acceleration is dominant. Since unambigu-
ous experimental observations by different groups were
explained invoking different acceleration scenarios, it is
likely that specific experimental conditions used in dif-
ferent experiments, such as laser pulse duration, pulse
shape/contrast, or target properties play a fundamen-

1 e-mail: sargis@mbi-berlin.de

tal role. PIC simulations [13,14] and the observations
in [15,16] show that ions can be produced at the front
and the rear sides simultaneously, even if the generation
processes are quite different.

In this letter we discuss peculiarities of the ion ac-
celeration from the rear and front sides of thin foil tar-
gets, irradiated by ultrashort (sub 50fs) high intensity
(~ 10'® W/cm?) laser pulses, via space charge displace-
ment due to resonance absorption and the action of the
laser ponderomotive force on the electrons. The inves-
tigations showed that the laser pulse contrast plays a
fundamental role for the interaction. This is, to our
knowledge, the first observation of the ions accelerated
from the front and the back sides of the thin foil target
exhibiting distinct differences in their origins and in the
phenomena responsible for different acceleration scenar-
ios. Previously it was shown that the duration of the
laser prepulse has a profound effect on the maximum
proton energy [17]. Now, we show directly that the en-
tire ion acceleration scenario can be controlled. A simple
geometry of laser-target interaction is used to elucidate
the particle acceleration dynamics.

The absorption mechanisms of intense laser radia-
tion at the target are the basic processes in laser-matter
interaction studies. Inverse bremsstrahlung and reso-
nance absorption are very familiar. Whereas inverse
bremsstrahlung has a maximum absorption accompa-
nied by eflicient generation of a hot electron population
when the irradiation is normal to the target plane, res-
onance absorption can drive efficiently electrons to high
energies at non-normal angles of laser incidence. These
electrons create a smooth density and temperature pro-
file in the interior region of the target, with a maximum
in a direction normal to the target. The electrostatic
sheath thus built up accelerates the ions. The conver-
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sion of the incident radiation energy to the plasma could
be as high as 50%.

At high-intensity laser irradiation, the ponderomo-
tive force [18—-20] also starts to play a decisive role. In
contrast to inverse bremsstrahlung and resonance ab-
sorption, which causes the quiver motion of the electrons
in the oscillating field of the laser, the ponderomotive
force accelerates the electrons in the laser propagation
direction if the laser intensity gradient is high enough;
e.g. if the laser pulse length is shorter than its focal spot
diameter. The ponderomotive force drives the electrons
with a step- or plateau-like density profile, and has a
strong directionality along the laser propagation direc-
tion. The laser energy transfer to the hot electrons could
also be carried by fast plasma waves through the non-
linear ponderomotive force [21] and by the laser field
itself [22]. These mechanisms are not mutually exclu-
sive. Their relative contributions depend strongly upon
the particular target and laser parameters, and could
give a contribution to the generation of electrons and, in
turn, to ion acceleration mechanisms.

In the experiment [23], irradiating planar targets at
angles less than 45° to the normal with intense 100 fs
laser pulses, it was shown that indeed two groups of sep-
arately located hot electron populations were present
at the target rear side. The authors attribute that to
the electrons resulting from resonance absorption (eg
in Fig.1) propagating in the target normal direction
whereas, the ponderomotively-accelerated electrons (e;
in Fig.1) propagate in the laser irradiation direction. In
terms of ion acceleration, it is obvious that both electron
populations at the target rear side would create electro-
static fields that accelerate ions/protons according to the
TNSA mechanism. This means that, at the target rear
surface, one also has two sources from which the ions are
accelerated (Fig.1). The acceleration direction of ions
from the rear side is always normal to the target, while
ions from the front side of the target could be accelerated
also in the direction of the ponderomotively driven elec-
trons. Those ions propagate through the target, leaving
the target rear surface in the laser propagation direction.
Therefore, one can expect ion emission in two directions:
either in the laser propagation direction due to pondero-
motively driven electrons, or normal to the surface due
to electrons driven by resonance absorption, depending
on which laser energy absorption mechanism is domi-
nant. If both mechanisms are equivalent, then one could
observe widely spread proton emission as described in
[24]. Therefore, measuring the angle-resolved ion emis-
sion as well as spatially-resolved ion source characteris-
tics under conditions where the laser energy absorption
mechanisms are well-defined, one could clarify whether

IIucema B MITP® Tom 83 BEIM.5-6 2006

Thomson
Spectrometer

Thomson N/

Spectrometer /\
Thomson
Spectrometer

Fig.1. Schematic of the experiment showing two ion beams
accelerated due to the hot electron populations created by
resonance absorption (e ) and ponderomotive acceleration
(ep ) directed normal to the target surface and in the laser
irradiation direction, respectively. Both electron popula-
tions at the target rear side would create electrostatic fields
separated in space that could accelerate the ions. The ions
from the rear side will be accelerated in the direction of
the target normal, whereas the ions from the front side are
accelerated not only in the target normal direction due to
(eg) electrons, but also they could be accelerated in the
direction of the ponderomotive electrons (e, ); that is, in
the direction of laser propagation

the ions come from the front or rear surface of the tar-
get.

In our experiments, thin (20 um) planar Mylar foil
targets were irradiated by < 50fs, 700mJ Ti:Sapphire
laser pulses [25]. With an f/2.5 off-axis parabolic mirror,
a maximum vacuum intensity of 1.2 - 10!® W/cm? was
reached. The temporal contrast of the laser pulse was
characterized by a scanning third order cross correlator
with a dynamic range of 10'°, having a temporal resolu-
tion of 150 fs and a scanning range of +200 ps. The pulse
shape several ns before main pulse was controlled by fast
photodiode with temporal resolution about 300ps. In
typical operation conditions the amplified spontaneous
emission (ASE) pedestal of the laser pulse in a tempo-
ral window of several picoseconds before the pulse peak
had a relative value of about 5-10~7. The ASE pedestal
could be reduced by driving the three amplifiers of the
Ti:Sapphire laser with specifically delayed pump mode.
This led to a reduction of output pulse energy up to
550 mJ, but to an improvement of the ASE level down
to 1078. The pulse shape close to the peak was un-
changed, and in both cases no pre-pulses preceding the
main pulse were observed.
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Measurements of the ion energies were carried out
with a Thomson parabola spectrometer, where the ions
were detected by an absolutely calibrated 40 mm multi-
channel plate (MCP) coupled to a phosphor screen [26]
enabled for single-particle detection. (For further de-
tails, see in [27].) It should be noticed that background
pressure in the experimental chamber was a few times
10~% mbar, and in the spectrometer even lower. For the
spatially resolved measurements, three Thomson spec-
trometers with an acceptance angle of 256 nsr were po-
sitioned around the target at 0, 45, and 135° from the
laser propagation direction (Fig.1). Spatial and energy
distributions of the ions were measured for normal and
45° laser irradiance of the target.

At normal laser incidence on the target and with an
improved laser pulse contrast of up to 10~%, an ion spec-
trum was registered only in the target normal direction
(Fig.2). Ions were emitted neither at 45° (in contrast
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Fig.2. (a) The CCD picture from the MCP-phosphorous
screen of an ion spectrum measured in the direction of the
target normal. Here C'*, C2*, C3*+, C**, and a weak
signal from C°7 ions, as well as a proton signal could be
identified. (b) The proton spectrum deduced from this
digital image at normal laser incidence on the target

to [24]) nor at 135° to the target normal. In this inter-
action geometry it is obvious that the hot electrons, no
matter how they are created, will build up the accelera-
tion field which in turn accelerates the ions either from
the front or rear side of the target only in a direction
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Fig.3. (a) The CCD picture of accelerated ion spectra; (b)
deduced proton spectra at 45° laser incidence on the tar-
get measured in the direction of laser propagation. Here
C** ions and the proton signal could be identified. There
is no signal from low charge states of carbon ions

normal to the target. This result is in agreement with
[6] and many others, which have reported ion emission
at an angle within 15-20°. Fig.2 depicts a) an ion spec-
trum image from the MCP-phosphorous screen, and b)
a proton spectrum deduced from this digital image. In
Fig.2a one can identify protons, carbon ions from C!*
up to C**, and weak C57 ion signals. An intrinsic fea-
ture of Fig.2a is the pronounced C** ion emission.
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Fig.4. The CCD picture of the proton spectrum at 45°
laser incidence on the target measured in the direction of
the target normal. Two parallel proton parabolas show the
existence of the two sources of emission

When the target was turned to 45° with respect to
the laser incidence, and all other experimental conditions
were kept constant, we measured in the direction of laser
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Fig.5. At a laser pulse contrast level of 5- 1077, the emitted ion spectra are shown as measured in the direction of the target
normal at 45° laser incidence on the target for 4 successively increasing laser intensities: (a) 2-10'® W/cm?; (b) 3-10'® W /cm?;
(c) 5-10"® W/cm?; (d) 10-10'® W/cm?. On the top are depicted the CCD pictures of the ion spectra, and the corresponding

evaluated spectra are shown on the bottom

propagation only protons and C** ions (Fig.3). The ions
emitted in the laser propagation direction should stem
only from the front surface (Fig.1), accelerated by a field
built up due to the ponderomotively driven electron pop-
ulation from the front surface. Additionally, according
to our supposition above, one could also expect two ion
sources at the rear side of the target emitting ions nor-
mal to the target (Fig.1). In order to prove that, we
performed an energy-dispersed pinhole imaging of the
source. The source at the target rear surface was im-
aged with high magnification on an MCP detector plate
by placing the entrance pinhole of the Thomson spec-
trometer (with a diameter of 30 pm) at a distance of 5 cm
from the source. This made it possible to image the ion
source with a 15 times magnification, and simultaneously
to record the ion energy distribution. (For further de-
tails, see [28]). The two parallel proton traces measured
in the direction normal to the target surface (Fig.4) are
indicative of two separate proton sources. The second
source (or second proton trace) appeared only when pro-
tons were measured in the laser propagation direction.
It is worth noting that C*tions measured in the laser
direction are of the highest charge state that can be eas-
ily ionised by above threshold ionisation [29] at the laser
intensities used, and which could then undergo an accel-
eration process. This is in good agreement with a model
calculation given in [4], that all carbon ions are sequen-
tially ionised up to C*t. This picture is a particular
characteristic of a plasma created by highly contrasted
laser pulses. Additionally, the protons from the front
side have a plateau-like spectrum with a sharp cut off
(Fig.3). This is consistent with predictions of PIC simu-
lations [9, 10] that the interaction of collisionless electro-
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static shocks formed at the front surface are responsible
for the observed plateau structure in the ion spectrum,
and that the plateau provides a direct signature for shock
acceleration at the front surface of the target.

In contrast to that, at the same interaction geometry
with a target at 45° but at a reduced laser pulse contrast
to a “typical” level of 5- 1077, no ions were registered
in the laser direction and no second ion source at the
target rear side was observed. Fig.5 shows the emitted
ion spectra in the direction normal to the target at four
successively increasing laser intensities (from (a) to (c)).
No pronounced emission in any of the ion species could
be recorded. This is consistent with a picture of the in-
teraction such that the laser energy absorption is domi-
nated by resonance absorption, and the created smooth
electron density and temperature profiles in the interior
region of the target would ionise and accelerate the ions
in the direction of the target normal. The correlation be-
tween the laser intensity and proton cut-off energy with
the ion charge states is clearly visible. From Fig.5, the
total ion yield, and the yields of protons and carbon ions,
have a dependence on laser pulse intensity as depicted
in Fig.6. With an increase in the laser intensity, the to-
tal ion yield increases, but only due to an increase of
the proton yield because the carbon ion yield decreases.
Additionally, an increase of laser pulse intensity (Fig.5)
is accompanied by growth of the ion charge states. Fi-
nally, when the laser intensity is about 10!°W/cm?, only
protons are detected and no more carbon ions could be
recorded (Fig.5d). These observations show that if the
high acceleration field is build up rapidly due to a short
laser pulse, the protons as the lightest ions are accel-
erated first, and they could consume all the energy of
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the accelerating field, since the number of protons is not
limited under our conditions. It is worth noticing that
no ion emission was observed at 135° in any case. Ad-
ditionally, in contrast to the protons from the front side,
which have a plateau-like spectrum with a sharp cut off
energy (Fig.3), the proton spectrum from the rear side
(Fig.5) shows a rapidly decreasing distribution.

To summarise, we have measured protons and ions
accelerated from the front and rear side of a thin My-
lar target irradiated by ultrashort (40fs) and high in-
tensity (1.2 - 10'° W/cm?) laser pulses. This is, to our
knowledge, the first observation of particle acceleration
from the front and rear sides of the target, exhibiting
distinct differences depending on their origin and on the
phenomena responsible for the different acceleration sce-
narios. High laser pulse contrast can cause directed ion
acceleration from the front surface of the target, while
a relatively low contrast accelerates the ions only from
the rear surface. For efficient acceleration of ions to high
energies, laser pulses with a very high contrast should
be applied to the thin foil target in order to have di-
rect ion acceleration from the front surface and reduced
electron and ion energy losses in the target material.
Additionally, because here the electrons are driven pon-
deromotively during the laser pulse, it is thought that
they could accelerate bunches of protons from the front
side of the target with very short pulse duration, which
is not the case for ions from rear side. We have shown
that the ion acceleration scenario can be controlled by
laser pulse contrast variation.
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