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The paper has studied the influence of target material and thickness on energy and angular distributions of the protons generated by using an 800 nm, 60 fs, 0.24 J laser pulse to irradiate solid target foils. The results show that the initial density and
thickness of the targets will affect the formation of the acceleration sheath fields in the target normal direction. For the same
target thickness, using lower density target materials can obtain a higher proton maximum energy. However, lower density
targets tend to be deformed due to the shock waves launched by the laser pulses, making the proton spatial distribution more
divergent.
laser-driven, proton, acceleration
PACS number(s): 52.38.Kd, 52.50.Jm, 41.75.Jv
Citation:

Su L N, Liu B C, Lin X X, et al. The influence of target material and thickness on proton energy and angular distribution. Sci China-Phys Mech Astron, 2013, 56: 457461, doi: 10.1007/s11433-012-4961-9

1 Introduction
Energetic ion beams generated in the ultra-intense laser interactions with solid foils have wide applications in ion radiography [1], ion driven fast ignition [2], and medical
therapy [3]. In recent years, laser driven ion accelerations
have been widely studied under various experimental conditions, such as laser polarization [4,5], laser intensity [6],
laser contrast ratio [7], plasma temperature [8], target
thickness [9,10], plasma density [11,12], etc. A few acceleration mechanisms have been proposed, including shock
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acceleration [9,13,14], target normal sheath acceleration
(TNSA) [15], Coulomb explosion acceleration [16,17], and
radiation pressure acceleration [18]. Among them, the
TNSA proposed by Wilks et al. [15] is one of the most important regimes of proton acceleration for the current laser
conditions. In the mechanism, laser pulses interact with
plasmas and generated hot electrons first. When the hot
electrons are transported to the target rear surface, a sheath
electric field is formed there, which then accelerates the
ions in the target normal direction. Through the diagnosis of
ion spectra in the target normal direction, many experiments
have attempted to deduce the information of the target normal sheath field [19–21]. However, the source of hot electrons produced by the laser pulse has seldom been discussed.
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In this paper, we have performed an experiment on the
femtosecond laser and solid foils interaction. According to
the result of the experiment, in terms of electron transport
and the formation of the target normal sheath field, using
the TNSA model, we estimate the source of hot electrons
and transverse scales of the target normal sheath field for
different target materials and thicknesses. In addition, we
have discussed the influence of ASE-generated shock waves
on the divergent angle of protons.

2 Experimental setup
The experiments were conducted using the Xetreme Light
(XL) II Ti: Sapphire laser system at the Institute of Physics
in the Chinese Academy of Sciences. The XL-II laser system employs chirp pulse amplification (CPA) technology.
The center wavelength is 800 nm, and the repetition frequency is 10 Hz. In most shots, laser pulses with energy of
200 mJ and duration of 60 fs were delivered onto the target
foils. The contrast ratio measured by an ultrafast diode was
about 10–6 nanoseconds before the main laser pulse. The
experimental layout schematic is shown in Figure 1. A
p-polarized laser main pulse was focused by an f/3.5
off-axis parabola (OAP) mirror onto the solid target
obliquely at an incidence angle of 45°. The laser focal spot
was oval, with a long and short axis 10 μm and 5 μm, respectively.
A 98 mm×49 mm×1 mm stack of CR-39, located 4 cm
away from the target rear, was used to measure the angular
distribution of the proton beams. Since CR-39 is insensitive
to electrons and photons, we could obtain a proton angular
distribution within 70 degrees behind the targets. A Thomson parabolic spectrograph 10 cm away from the target in
the target normal direction was applied to measure the pro-

Figure 1

Experimental setup schematic.
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ton spectra. In the spectrograph, ions were deflected by a
2250 Gs magnetic field and a 1250 V electric field, and
collected by a 49 mm×49 mm imaging plate. The collection
angle of the spectrograph was 1.96×10–4 sr.

3

Results and discussion

We used 2 m, 5 m, and 10 m thick Cu foil targets, and
0.65 m, 2.5 m, 4 m, and 12.5 m thick Al foil targets in
our experiment. For the 0.65 m thick Al target, the proton
maximum energy is as high as 3.5 MeV. For the two target
materials, proton energy always decreases with increasing
target thickness. For example, in the case of a 12.5 m thick
Al target, the proton maximum energy is 1.25 MeV. Proton
maximum energy versus target thickness is plotted in Figure
2. Meanwhile, we can see that the target material also affects the proton maximum energy. The proton maximum
energies of a 2 m Cu target and 5 m Cu target are 1.5
MeV and 1.03 MeV, respectively. The proton maximum
energies of a 2.5 m Al target and 4 m Al target, whose
thicknesses are similar to the Cu targets above, are 2.9 MeV
and 2.6 MeV.
The change of proton maximum energy could be explained by the TNSA mechanism. Hot electrons generated on
the target front surface will propagate into the target. Hot electron
temperature can be estimated by the ponderomotive potential,
Thot  me c 2





1  a2  1 ,

(1)

where a  I 2m / 1.37  1018 is the normalized laser power
density, I is the laser intensity, and m is the laser wavelength in the units of m [22,23]. According to the laser
energy loss, we can estimate the number of hot electrons,
N e  fE / Thot , where E is laser energy and f is the laser
energy absorption rate, typically in the range of 10%–40%. In

Figure 2

Proton maximum energy versus target thickness.
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this estimation, we take f to be 35% [19]. When the hot
electrons pass through the target, they can form the target
normal sheath field at the target rear surface. Considering
the influence of laser pulse duration, the electron density in
the target normal sheath field can be ne  N e /  DS  , where
D  c laser is the electron sheath thickness [24], c is the

light velocity,  laser is the laser pulse duration, S  π (r
 d tan  )2 is the area of electron sheath, d is target thickness, r is laser focal spot radius, and  is the electron
sheath’s half angle to the laser focal spot. Using the
self-similar isothermal expansion fluid model, the proton
maximum energy can be estimated by Mora’s model [24,
25]
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where normalized acceleration time tp can be estimated using the ponderomotive potential tp  pi tacc / (2 e)1/ 2 , tacc 





1.3 laser is the interaction time [24], pi   Z i e 2 ne /

 mi 0 

1/ 2

is the ion plasma frequency, Zi is the ion charge

number, and mi is the ion mass. According to the model
above, we can use the proton maximum energy to calculate
the value of . According to our experiment data,  of different targets and of different target thicknesses are given in
Table 1.
From Table 1, we can see two features. Firstly, for similar target thickness, the target normal sheath transverse area
of Cu is larger than that of Al. Secondly, the sheath transverse area varies inversely with target thickness. When Al
target thickness is small,  is even less than zero degree,
which means that the target normal sheath’s area is less than
the laser focal spot’s area, and the hot electrons have been
pinched by the target. This condition is consistent with the
reference [19]. Honrubia et al. [26] found that the propagation of hot electrons in Al targets had three stages. (i) When
hot electrons propagated in low density plasma, due to the
interaction of the laser pulse with hot electrons, the transverse area of electron beams gradually grows larger. (ii)
When hot electrons comes into the high density plasma, the
Table 1

Cu
Cu
Cu
Al
Al
Al
Al

 of different targets and different target thicknesses
Thickness (m)

Proton maximum energy (MeV)

 (°)

10
5
2
12.5
4
2.5
0.65

0.54
1.03
1.5
1.25
2.6
2.9
3.5

20
15
4
3
–13.5
–26
–67
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laser will be reflected, electron beams will be pinched under
the effect of self-generated magnetic field. (iii) However,
when the pinch effect decreases, electron beams will diverge again. From this, we can infer that there is an optimal
target thickness [7,27]. Under this optimal thickness, the
transverse area of the target normal sheath is minimal; the
electric field intensity of the target normal sheath is maximal, and then we can get the optimal proton maximum energy. According to our experiment data, an optimal target
thickness obviously exists, and we can ensure that the optimal target thickness in our experiment is less than 2.5 μm.
Figure 3 shows the proton angular distributions in our
experiment, for different targets, 2 μm Cu, 5 μm Cu, 2.5 μm
Al, and 4 μm Al, respectively. We can see that the size of
beam spot decreases with increasing target thickness and
target density. Meanwhile, the beam center is shifted to the
laser propagation direction; the shifted distance is larger
than that of a thick target. Besides the target normal sheath
field area discussed above, the shock waves induced by the
amplified spontaneous emission (ASE) of the laser pulses
will also affect the divergence angle of the proton beams
[28,29]. The ASE nanoseconds before the main pulse can
form shock waves in the target front. When the shock waves
propagate to the target rear, they will modify the target rear
surface. Due to the TNSA mechanism, proton emission direction in the target rear has a close relationship with the
proton wavefront profile [30], proton beams are always
emitted along the local target normal direction [31]. As a
result, the proton divergent angle depends on the degree of
local convexity or fluctuation. The shock wave propagation
velocity can be expressed as:
v


c0 
4
P  1 ,
 1 
2

2 
 0 c0


(3)

where c0 is the ion sound velocity,  is an empirical constant, P   I 2/3 is shock wave pressure,  is nearly 1 as
the laser wavelength is 800 nm, and 0 is the initial target
density. The duration time ts of shock wave propagating
from target front to target rear, depends on the plasma density and target thickness. As Cu density is larger than Al
density, the ts in the Cu target is longer than that in the Al
target. Therefore, when the main pulse peak arrives at the
target surface, the degree of convexity at the Cu target rear
induced by the ASE is less than that of Al target, hence
proton angular distribution of Cu targets is less divergent,
and the shifting distance to laser propagation direction is
also smaller comparing with the case of Al targets. On the
other hand, ts of the thicker target is longer than that of the
thinner target, so proton angular distribution for the thicker
target is also more concentrated. Consequently, in order to
get proton beams with a low divergent angle, a high contrast
laser is required to reduce the influence of shock waves.
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Figure 3 Proton angular distribution where the light blue dotted line is target normal direction and the red dotted line is laser propagation direction. The
half angles of the proton beam sizes are labeled in each image. (a) 2 μm Cu; (b) 5 μm Cu; (c) 2.5 μm Al; (d) 4 μm Al.

4 Conclusion
We have studied the influence of target material and thickness on proton energy and angular distribution. The results
show that proton beams with a maximum energy 3.5 MeV
are generated in femtosecond laser and solid foils interactions. The maximum energy decreases with target thickness
and with target initial density increasing. The divergent
angle of fast electrons propagating inside the target and
the induced transverse area of sheath field have been estimated. The proton divergent angle is believed to be mainly
affected by the ASE-generated shock waves, which will
decrease with target thickness and target initial density increasing.
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