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Abstract.  It is shown that the acceleration efficiency of protons and 
multiply charged ions (and also the charge composition of the lat-
ter) accelerated backwards under irradiation of the front surface of 
thick solid targets by high-power femtosecond laser radiation with 
an intensity of 2 ́  1018 W cm–2 is determined by the contrast of this 
radiation. Thus, highly ionised ions up to C6+, Si12+ and Mo14+ are 
recorded on polyethylene, silicon and molybdenum targets at a con-
trast of  10–8, the ions with charges up to C5+, Si10+ and Mo10+ 
possessing an energy of more than 100 keV per unit charge. In the 
case of a metal target, the acceleration efficiency of protons is sig-
nificantly reduced, which indicates cleaning of the target surface by 
a pre-pulse. The measurements performed at a contrast increased 
by two-to-three orders of magnitude show the presence of fast pro-
tons (up to 300 – 700 keV) on all targets, and also a decrease in the 
energy and maximum charge of multiply charged ions.

Keywords: relativistic intensity, contrast, laser plasma, ion accel-
eration, multiply charged ions, collision ionisation.

1. Introduction

One of the urgent problems in interaction of intense laser 
radiation with matter is the development of an effective 
source of multiply charged ions [1 – 3]. The studies in this area 
not only are of fundamental importance, but also open wide 
opportunities for practical application of such a source  [4 – 6].

Generation of multiply charged ions is commonly per-
formed using high-power sub-petawatt laser systems with a 
pulse intensity of more than 5 ́  1019 W cm–2 [2, 7]. This is con-
ditioned by the need to use high-intensity laser fields for deep 
ionisation of atoms in a target and a high pulse energy for 
producing a high-intensity flux of accelerated particles. 
Furthermore, a thin organic layer containing protons is com-
monly present at the target surface, acceleration of which 
impedes the power transfer to heavier ions. This effect can be 

eliminated by cleaning of the target surface immediately prior 
to the irradiation by a laser pulse [8 – 10].

This paper is devoted to investigating the role of the laser 
pulse contrast and clarifying the mechanisms of deep ionisa-
tion of target atoms. Understanding of these processes is cru-
cially important for the experiments on acceleration of 
charged ions. It appears that for these studies it is reasonable 
to use desktop laser systems of terawatt peak power, which 
allow generating pulses of relativistic intensity and, at the 
same time, are much more convenient in comparison with 
petawatt complexes to carry out experiments in the case of a 
wide variation of experimental configurations. In particular, 
the pulse repetition rate in such systems is large; the systems 
possess small sizes, etc. The optimal experimental configura-
tions determined by means of compact laser systems (pre-
pulse parameters, target characteristics) can be further used in 
the experiments with high (ultimate) intensities. Moreover, 
the obtained characterisitcs of laser-plasma interactions can 
be reproduced by using more powerful laser systems at not so 
high intensities typical of the studies we have conducted (for 
example, in order to increase the particle flow). This is essen-
tial for practical applications in which the charge and number 
of ions, but not their maximal energy, are of importance.

2. Experimental setup

The experimental setup is shown in Fig. 1. The studies have 
been performed using radiation from a Ti : sapphire laser sys-
tem at the International Laser Centre, M.V. Lomonosov 
Moscow State University (ILC MSU). The laser beam with a 
wavelength of 800 nm is p-polarised, the pulse repetition rate 
is 10 Hz, the pulse duration is 45 ± 5 fs, the pulse energy is 
10 mJ and the peak intensity is estimated as 2 × 1018 W cm–2. 

The temporal profile of the laser pulse contains a nanosec-
ond pre-pulse (–14 ns) with the contrast of 5 × 10–8, the level of 
amplified spontaneous emission (ASE) is ~10–8 (from –175 to 
–10 ps) and picosecond pre-pulses are absent. It should be 
noted that, at the intensities close to the plasma formation 
threshold [11], the ASE and pre-pulse may form a low-density 
pre-plasma layer on the target surface, preserving the vac-
uum – plasma boundary rather sharp. The laser pulse contrast 
can be improved by introducing into the scheme a crystal to 
generate a crossed-polarised wave (XPW) [12], with the ASE 
level falling below 10–10.

The radiation is focused on the target using an off-axis 
parabolic mirror (F » 75 mm, F/D » 5) at an angle of 45° to 
its surface. The plates of molybdenum (Mo) and silicon (Si) 
with a thickness of 2 and 0.5 mm, respectively, are used as 
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targets; a polyethylene (CH2) film with a thickness of 100 mm 
is glued to the surface of some Mo plates. All the experiments 
have been performed in a vacuum chamber with a residual 
pressure better than 4 ́  10–5 Torr. 

Ions are recorded by means of a VEU-7M-4 time-of-flight 
magnetic spectrometer detector based on a chevron micro-
channel plate (MCP). The spectrometer’s entrance is located 
on the normal to the target. The magnetic field B is generated 
by two neodymium magnets with the size of 4 × 8 × 30 mm, 
separated by 8 mm, and reaches 0.207 T on the central axis 
between them. A collimating aperture (Dap = 1 or 2 mm) is 
placed in front of the magnets. The distance from the plasma 
to magnets constitutes 26 cm, from the magnets to MCP – 
129  cm. The presence of a bellow unit located between the 
magnet and MCP allows varying the angular position (a) of 
the MCP with respect to the diaphragm axis. The deflection 
angle of ions in the magnet is (1/ )( / )Z mi \a u , where u, Z and 
m are velocity, charge and mass of the ion, respectively. Thus, 
by measuring the temporal signal from the MCP at a fixed a 
= ai, the ions entering the detector can be classified by the 
charge-to-mass ratio Z/m and their characteristics can be cal-
culated. As an example, Fig. 2 shows a temporal signal from 
the MCP, averaged over ~800 realisations (the so-called ion 
current) obtained on a CH2 target at a » 2.6°. In addition to 
the spectrometer described above, a tracking detector (the 
CR39 plates [13]) has been used for proton recording.

The laser pulse quality was monitored by measuring the 
integral output of the g-radiation of plasma by using a scintil-
lation detector based on a photomultiplier tube and a 63-mm-
thick NaI(Tl) crystal. 

By employing the results of measuring the g-radiation 
spectrum of plasma for a Mo target, evaluation of the average 
energy of hot electrons was conducted (the technique is 
described in [14]). Two hot electronic components with the 
‘temperatures’ of ~30 keV and 185 ± 10 keV are present in 
plasma. Hereinafter, the temperature of electrons or ions is 
regarded as a parameter T responsible for the attenuation rate 
in a relevant energy spectrum approximated by an exponen-
tial function of the form ( ) ( / )expN E E T\ -  [15, 16]. The pro-
cesses of resonant absorption [15, 17] and/or ponderomotive 
acceleration [18] are responsible for generating the hottest 
electronic component.

3. Cleaning of the metal target surface 

As a result of our studies, it is found that the proton accelera-
tion efficiency at a contrast of 10–8 is small. This is most 
clearly manifested in the case of a metal (Mo) target. As previ-
ously mentioned, a thin layer of hydrocarbon compounds, 
oxides and water located on the target surface contains pro-
tons. At Z/m = 1, those protons are efficiently accelerated in 
laser plasma and typically represent the most intense of ionic 
components [1, 8, 19] (see Fig. 2).

At the same time, our measurements have shown that, at 
the contrast of ~10–8 in the case of the Mo target, the maxi-
mum energy of protons only constitutes 81 ± 5 keV [Fig. 3, 
curve ( 2 )], whereas it reaches 340 ± 40 and 740 ± 170 keV in 
the case of Si and CH2 targets, respectively [Fig. 3, curves ( 3 ) 
and ( 4 )]. The spectra for all three types of the targets contain 
a proton component with a temperature of ~30 keV (Mo – 
25 ± 2 keV, Si – 34 ± 1 keV and CH2 – 33 ± 4 keV). Note that a 
similar temperature is peculiar to a less energetic component 
of the two hot electronic ones generated by plasma. One more 
proton component with a higher temperature of 94 ± 11 keV 
is observed in the spectrum on the CH2 target, which may be 
associated with the presence of hydrogen atoms in the target, 
and also with its low conductivity [20].

In the case of the Mo target, the CR39 plates [13] located 
close to the target (9.5 cm) were additionally used to increase 
the measurement sensitivity in proton recording. Some of the 
plates were covered by a filter in the form of a 1-mm-thick 
lavsan film. After the exposure (about 200 shots), the plates 
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Figure 1.  Schematic of the experimental setup: ( 1 ) laser radiation; ( 2 ) 
parabolic mirror; ( 3 ) target; ( 4 ) aperture and magnet; ( 5 ) microchan-
nel plate (MCP); ( 6 ) detector of g-radiation.
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Figure 2.  Averaged temporal signal from the MCP for a CH2 target.
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Figure 3.  Energy spectrum of protons on the Mo target at an elevated 
laser pulse contrast ( 1 ), and also on Mo ( 2 ), CH2 ( 3 ) and Si ( 4 ) targets 
at normal contrast. 
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were etched for two hours in 30 % KOH solution to make ion 
tracks visible. Figure 4 shows enlarged photographs of the 
plates’ front surfaces. It is seen that, after passing the filter, 
the flux of protons is greatly reduced – from more than 4 ́  106 
to 104 particles per steradian per shot. A simulation using the 
SRIM package [21] has shown that the H, C, O and Mo ions 
should have the energy of ~90, 350, 450 and 1700 keV, respec-
tively, in order to pass through a 1-mm-thick lavsan film. 
Thus, the maximum energy of protons constitutes ~90 keV, 
which coincides with the result obtained by means of a spec-
trometer.

Such a low energy of fast protons can be explained by abla-
tion or evaporation of the target surface layer by the action of 
a pre-pulse (or ASE) with the formation of a preplasma low-
density gradient, in which the ions are accelerated less effi-
ciently than on the sharp target edge [10]. The plasma forma-
tion threshold for metals is several times lower than that for 
dielectrics [11], and so cleaning of the Mo-target surface is 
much more efficient than in the case of Si and CH2 targets.

The conclusions confirm the experiments with Mo  and Si 
targets at the increased laser radiation contrast. When using 
the XPW in the case of the Mo target, two components of fast 
protons with the temperatures of 30 ± 1 and 63 ± 2 keV are 
observed in the energy spectrum, their maximum energy being 
increased up to 310 ± 20 keV [Fig. 3, curve ( 1 )]. On the Si tar-
get, the maximum energy and the temperature of fast protons 
also increase, but not so significantly, and constitute 550 ± 50 
and 42 ± 4 keV, respectively.

Note that the laser pre-pulse has previously been used in 
the works of both our laboratory [9, 10] and other authors 
[22, 23] to clean the target surface at moderate laser intensi-
ties. The distinctive feature of this work is a demonstration of 
the effect of self-cleaning of the target without the use of any 
special pre-pulses at a relativistic intensity of laser radiation.

4. Generation of multiply charged ions

A key result of the conducted experiments, which is observ-
able for all the targets used, is the recording of ions with a 
high ionisation multiplicity (up to C6+, Si12+ and Mo14+).

The ions with a low ionisation multiplicity (up to C4+, Si7+ 
and Mo6+ inclusive) have approximately the same maximum 
energies Emax per unit charge Z, amounting to 250 – 300 keV, 
i.e. E ZTmax he\  [16], where The = 185 keV is the temperature 
of the most hot electron component, and the proportionality 
coefficient equals to 1.6 ± 0.1. With a further charge increase, 
the ratio Emax/Z decreases and, in the case of C6+, Si12+ and 
Mo14+ ions, constitutes 82 ± 5, 41 ± 3 and 45 ± 4 keV, respec-

tively. Note that the maximum energies of Mo7+ – Mo9+ ions 
have not been determined in the measurements due to insuf-
ficient smallness of the step with respect to a (see Fig. 1), and 
therefore it is impossible to claim with certainty that reduc-
tion of the ratio Emax/Z for Mo ions starts when the ionisation 
multiplicity exceeds 6+.

Experiments carried out on the Mo and Si target at an 
elevated laser pulse contrast show that in this case the ratio 
Emax/Z for multiply charged ions turns out 2 – 5 times lower 
than without using the XPW. In addition, the Si11+ and Si12+ 
ions stop to be observed on Si targets, i.e. the maximum ioni-
sation multiplicity is reduced.

Consider possible mechanisms of emergence of the multi-
ply charged C, Si and Mo ions. The collisional ionisation [24, 
25] plays a main role in the plasma formation process; how-
ever, the atoms near the target surface can be directly ionised 
by the laser pulse field [26, 27], whereas the fast ions are addi-
tionally ionised by the charge separation field (ambipolar 
field) [28]. As the plasma cools at the expense of expansion 
and outflow of heat into the target, ionisation is replaced by 
recombination, which reduces the ion charge values [29]. A 
decrease in the multiplicities of ionisation is limited by the 
effect of their freezing, i.e. significant reduction in the recom-
bination rate of the low-density plasma [30]. In particular, 
owing to this effect, the fast ions that have been pushed out to 
the plasma cloud’s leading edge may preserve a high multi-
plicity of ionisation obtained in plasma.

The probability of tunnel ionisation by the field (ambipo-
lar or laser) is exponentially dependent on the field strength 
and increases sharply near the critical value EBSI = eZ

2/(4e3Z), 
where e is the elementary charge; eZ is the ionisation energy 
(CZ –1 ® CZ ) [26]. At the intensity E » EBSI, the maximum of 
the atomic core’s potential barrier suppressed by the field 
becomes equal to the energy eZ. The ambipolar field intensity 
can be estimated as 4E n Ta he he+ p , where The, nhe [16], where 
The and nhe are the temperature and concentration of hot elec-
trons. In Fig. 5, by an example of the C ions, the ionisation 
probability wamb of a single ion by the ambipolar field (see 
[26, 27]) of hot electrons is shown versus their concentration 
at The = 185. Thus, as a result of field ionisation of the C, Si 
and Mo atoms at I = 2 ́  1018 W cm–2 and nhe = 1019 cm–3, their 
ionisation multiplicity Zmax can reach 4+, 12+, and 16+ at eZ 
= 65, 523 and 489 eV, respectively [31].
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Figure 4.  Enlarged photographs of the front surfaces of CR39 plates in 
experiments with the Mo target – (a) uncovered and (b) covered by a 
lavsan film of 1 mm thickness. Small funnels correspond to proton 
tracks, large funnels – to the tracks of heavier ions (C, O, Mo).
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The laser pulse field ionises only atoms near the target sur-
face, which are closed by a layer of organic compounds; this 
explains a decrease in the multiplicity of ionisation and ion 
energy with increasing contrast. However, a decrease in the 
ratio Emax/Z of the multiply charged ions with increasing 
charge (without XPW) indicates that these ions were not gen-
erated at the time of the laser pulse arrival on the target, but 
were additionally ionised when leaving the plasma cloud, and 
therefore did not gain the energy corresponding to their final 
charge. The fact that the C5+ and C6+ ions, which are inacces-
sible to field ionisation due to a high level of   /E ZBSI Z

2\ e , 
were recorded in the experiment on a CH2 target (see Fig. 2) 
also means that the ions generated by the field ionisation rep-
resent a ‘seed’ for further ionisation by the electron impact.

The probability wei of collisional ionisation (see [25, 32]) is 
not so sharply dependent on the concentration of thermal 
electrons (w nei e\ ) as the probability of ionisation by the 
ambipolar field wamb depends on the concentration nhe of hot 
electrons (Fig. 5), but is greatly reduced if the thermal elec-
tron temperature Te becomes lower (or significantly higher) 
than the ionisation energy. In addition, the highest abun-
dance in the equilibrium plasma have the ions, the ionisation 
multiplicities of which are determined by the Saha distribu-
tion [25] and correspond to eZ = (2 – 3)Te in a sufficiently 
dense plasma [24]. The energy eZ of total ionisation of the C 
atom constitutes 490 eV for Z = 6+ [31]. Initial temperature 
and concentration of the thermal plasma component in our 
conditions can be estimated as ~1 keV and 1021 cm–3 [32, 33], 
respectively. Assuming that fast ions (1010 – 1012 particles 
[32]) are strongly ionised by the field at the start of expansion, 
and the time of their emission from plasma constitutes 1 – 2 ps 
[16, 32], part of the highly ionised C, Si and Mo ions gener-
ated at the expense of collisional ionisation turns out consid-
erable.

In this case, the use of thick solid-state targets in experi-
ments plays an important role which allows one to obtain 
(and maintain in the course of plasma cloud expansion) the 
temperature and electron concentration sufficient for effec-
tive collisional ionisation, which is difficult to implement on a 
thin-film target.

5. Conclusions

In the course of this work, we have demonstrated the effect of 
cleaning of the target surface by means of a natural pre-pulse 
at a sufficiently high (~10–8) laser radiation contrast and also 
a more efficient acceleration of multiply charged ions com-
pared to the case of high contrast (less than 10–10), which is 
associated with the cleaning effect. That effect manifests itself 
most strongly in the case of a metal target due to a low thresh-
old of plasma formation. Because the problem of a required 
contrast level is especially urgent in the regime of ultra-rela-
tivistic intensities, this result has a great practical importance. 
For example, to reproduce it at the intensity of 1020 W cm–2 
and pulse duration of about 50 fs, the contrast level of 2 ́  10–10 
is required.

Furthermore, we have shown experimentally that proton 
acceleration from a volume (CH2-target) in the case of a thick 
target occurs more efficiently than that from a surface (Mo 
and Si targets).

Finally, it is commonly accepted that the maximum ioni-
sation multiplicities of ions in femtosecond laser plasma at a 
high pulse intensity are attained in the process of field ionisa-
tion. Nonetheless, this paper has revealed a key role of colli-

sional ionisation in generating the multiply charged ions 
using the thick solid targets. In particular, the ions C5+ and 
C6+ recorded in the experiment could not be obtained by 
means of field ionisation under the conditions described.
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