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ABSTRACT 

We report on ion emission from plasma produced on thick targets irradiated with nanosecond and femtosecond pulses 

delivered by mid-ultraviolet and soft x-ray lasers, respectively. To distinguish between different ion acceleration 

mechanisms, the maximum kinetic energy of ions produced under different interaction conditions is plotted versus laser 

fluence. The transformation of the time-of-flight detector signal into ion charge density distance-of-flight spectra makes it 

possible to determine the mean kinetic energy of the fastest ion groups based on the influence of the acoustic velocity of 

ion expansion. This allows obtaining additional characteristics of the ion production. The final energy of the group of fast 

ions determined using the ion sound velocity model is an order of magnitude larger in the fs-XFEL interaction than in the 

ns-UV one. On the contrary, the ablation yield of ions in our experiment is seven orders of magnitude greater when 

applying ns-UV laser pulses, not only due to higher energies of UV laser pulses, but also due to a significant difference in 

interaction and ion formation mechanisms.  

Keywords: Ablation, nanosecond pulses, femtosecond pulses, UV excimer laser, soft-x-ray laser, free-electron laser, ion 

diagnostics, ion detector function, ion rarefaction, ion acoustic velocity, ion scaling  
 

1. INTRODUCTION  

Laser ablation and ionization studies introduced shortly after the development of the first powerful nanosecond lasers 

opened new fields of applied research such as laser ion sources (LIS) and laser ablation mass spectrometry (LA-MS). The 

focused laser beam allows the surface of bulk solid samples to be ablated with typical micrometre resolution in terms of 

lateral and depth dimensions. The laser-matter interaction then leads to atomization, excitation, and ionization of any 

sample. A portion of this material is transformed into a transient plume of high-temperature vapor and plasma [1,2]. When 

using ultrashort lasers, the interaction changes. Fundamental differences between the ablation process of short (>1 ps) and 

ultrashort (<1 ps) pulses affect the properties of LIS and LA-MS [3-5]. Based on the timescales and energy balance of the 

process underlying the ablation event, ultrashort pulses have been shown to be less thermal and cause less collateral damage 

to the target surface than longer pulses. The possibility of using ultrashort pulses (<200 fs) delivered by tuneable x-ray 

free-electron lasers (XFEL) has become another watershed for plasma and hot dense matter research [6]  

Laser ablation has been studied under different experimental conditions, where the mechanisms creating the energy 

distribution of the produced ions were not identical, as reported by many of related studies. However, this complicates the 

understanding of laser ablation. Gaining new knowledge on ionization efficiency can be based on the compilation of 

experimental data showing the dependence of e.g., velocity, energy, total charge, and current density of ions on fluence or 

laser intensity. In this communication we want to report on the observation of the characteristics of ions produced by UV 

(=248 nm,  =23 ns) and soft x-ray (=13.5 nm,  =100 fs) lasers irradiating bulk solid targets and their comparison with 

data from other works realized using VIS-NIR, ns-fs lasers. 

 

2. TIME-OF-FLIGHT METHODOLOGY 

Summarizing and scaling of experimental results obtained under different experimental conditions is a necessary process 

for understanding the studied physical processes. In the case of surface ablation by the interaction of laser pulses with the 

solid target, in addition to scanning the damaged surface, various diagnostics are used to measure radiation emission, 

ranging from IR radiation to x-rays, as well as the characteristics of emitted electrons, ions and neutral clusters, molecules 

and atoms. Therefore, experimental data processing methods are necessary for the characterization of experimental results.  

Ion analysis is based on the principle of operation of the used detectors. In experiments, ion detectors are generally placed 

far from the irradiated target. At these distances, the recombination of ions is negligible, the charges are non-interacting, 

and the ion charges are "frozen". Due to the conservation of the total charge, Q, of the ions emitted into the solid angle 

d, the charge, dQ, captured by the detector surface, dS, decreases with increasing distance, L, from the target: 

𝑑𝑄 = 𝑄𝑑Ω =
𝑄

𝐿2 𝑑𝑆.     (1) 

Since the electric current can be represented as the rate at which charge flows through a given surface localized at L, then 

the current detected by the ion detector decreases with increasing distance as: 
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𝑑𝑄

𝑑𝑡
∝

𝐽

𝐿3 𝑑𝑆 .      (2) 

As a result, the signal of a detector with active area S decreases with distance as L-3. This equation is the basic relationship 

that allows comparing the ion current densities, j1 and j2, detected by detectors that are placed in the same direction but at 

different distances from the target L1 and L2, respectively:  

𝑗1(𝐿1, 𝑡1)𝐿1
3 = 𝑗2(𝐿2, 𝑡2)𝐿2

3 ,     (3) 

where the time scale t1 is related to t2 through velocity as L1/t1 = L2/t2. These relations have a practical consequence for the 

determination of the critical distance Lcr. The total charge Qi carried by ions decreases due to the three-body recombination 

up to Lcr, but passing this critical distance, the “freezing” of ion states occurs and the charge of ions obey the power law 

(1) for the three-dimensional dilution of the plasma far from the target, as it was experimentally verified in [10]. 

The time-of-flight t can be transformed to the distance-of-flight z using the relationship z = L/t, where the time  that has 

passed since the interaction is chosen. Values of τ and L are kept fixed. Substituting t by z, then the ion current density 

j(L, t) = Q(L, t)v can be transformed to the space-resolved ion charge density at τ as [11]:  

𝑄(𝑧, 𝜏) = 𝑗(𝑧)𝜏𝐿3/𝑧4 .      (4) 

Since the ion expansion is closely related to the electron distribution, the ion density should decrease exponentially with 

distance. This can be expressed in a form ni(z,t) = n0 exp(-v/cs), where ni(z,t) is the density for those ions traveling at 

velocity v, n0 is the density at the emitting surface and cs is the ion sound velocity [12]. Substituting v = z/ gives: 

𝑛𝑖(𝑧, 𝜏) = 𝑛0exp (−
𝑧

𝜏𝑐𝑠
),      (5) 

where  is the above-mentioned chosen time and cs=(kTef/M)1/2 is the ion sound velocity. kTef is generally a function of the 

charge state Z of ions, their temperature Ti and the temperature of electrons Te. If Tef does not change during the ion 

expansion, the experimentally obtained n(z,) follows single exponential decrease over the whole range. Considering 

𝑛𝑖(𝑧, 𝑡) = 𝑄𝑖(𝑧, 𝑡) 𝑒�̅�⁄ , where �̅� is the mean charge state of ions and e is the elementary charge, then the exponentially 

decreasing function 𝑎0𝑒𝑥𝑝(− 𝑧 𝜏𝑐𝑠⁄ ), where 𝑎0 = �̅�𝑒𝑛0, can be fitted to the experimentally obtained DOF spectrum to 

obtain corresponding value of cs.  

In conclusion, the ion sound velocity, which can be calculated from the exponential decay of the DOF spectra of ion charge 

density obtained by the transformation of the ion detector signals, can serve as a parameter suitable for scaling the 

properties of ions produced by lasers.  

 

3. EXPERIMENTAL ARANGEMENT 

The presented experiments were performed using two laser systems. The first laser was a COMpex 205 KrF excimer laser 

(Coherent) operating at 248 nm and irradiating targets with an intensity ranging from 108 to 1010 W/cm2. Energy of a single 

23-ns laser pulse can be varied up to 750 mJ. The laser pulse struck the target at 70° with respect to the target surface 

normal. The current of ions traveling through the vacuum chamber and drift tube was detected with the use of a Faraday 

cup (FC, an ion collector having the active area of 28.3 cm2), which was positioned at 27.9 cm from the target surface 

along the target surface normal. For the applied FC bias voltage of −200 V the ion current was saturated. Targets as C, Cu, 

and Ta slabs of 0.1 to 0.2 mm in thickness were irradiated by laser pulses. The schematic of the experiment can be found 

elsewhere [13]. 

The second experiment was performed using the soft x-ray FEL FLASH2 and a Kirkpatrick-Baez focusing system with a 

focal length of 200 cm to focus 100-fs pulses of 20 - 100 J energy at 13.5-nm wavelength (Eph  91.8 eV) to a 36m-

sized spot surrounded by shallow lobes resulting in intensities reaching 1013 W/cm2 in the focus position [14]. The slab 

targets of Al, Cu, Fe, Ni, Si, GaAs and PMMA, ranging in thickness from 0.1 to 1 mm, were mounted on a target holder 

actuated by a 3-axis translational manipulator. The angle of incidence of the laser beam on the target was 22.5. Information 

about the pulse energy was obtained from an in-line gas monitor detector (GMD), prior to arrival of the pulses at the 

interaction region [15]. The crater characteristics were obtained with the use of Nomarski-type (DIC – differential 

interference contrast) microscopy.  
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Since the ion production during soft x-ray ablation was very weak, the emitted ions were detected with the use of an open 

electron multiplier (EM) type 119EM placed along the normal of the target surface at 24 cm from the target. This 

windowless electron multiplier equipped with Be-Cu dynodes was produced by the Thorn EMI Electron Tubes, UK. It has 

a Venetian blind structure, with a 10-slat entrance dynode with radiation aperture of 2.16 cm in diameter and a total of 17 

dynodes. An operating voltage of −3 kV was applied to the first dynode while the input grid was grounded. Since the ion-

induced emission of electrons from the first dynode depends not only on the surface quality of the dynode, but also on the 

captured ions, their potential and kinetic energy, EM calibration is needed [16]. Since we were unable to calibrate the gain 

of the open electron multiplier during this experiment, we used previous data [17] for the range of low ion kinetic energies 

encountered in our experiment to determine the value of this gain as 5×105. 

 

4. EXPERIMENTAL RESULTS 

The direct comparison of UV and x-laser ablation characteristics is based on the TOF transformation using the relationship 

t2 = (L2/L1) t1, where L1=27.8 cm is the distance of the FC from the target. The voltage signals of both ion detectors are 

transformed into current densities using equation (3). The Cu target was irradiated with fluencies of 10 and 34 J/cm2 

delivered by the soft x-ray FEL and KrF laser, respectively. Although the difference between the fluences used is not large, 

the difference in Cu ion emission is pronounced. While the maximum ion current density produced by the KrF laser reaches 

4 mA/cm2, it is only 0.2 nA/cm2 for Cu ions produced by the XFEL, as Figure 1a shows. The yields of ions represented 

by the total charge carried by the ions are in a similar ratio of 1:110-7. It can be assumed that not only the ~300 times 

higher energy delivered to the target contributes to this, but above all the 23ns interaction of the KrF laser pulse with the 

ablated mass, which results in effective ionization with 5eV laser photons. In addition, laser energy deposited near the 

critical plasma density is thermally transported to denser and cooler regions at the target, causing greater material ablation 

and creating an inward ablation pressure. The ion yield and energy can also be increased by finding the optimal position 

of the laser focus, which is always in front of the target surface [18, 19]. On the contrary, the XFEL pulse produces ions 

with an order of magnitude greater velocity, both maximum and peak velocities, which corresponds to the maximum 

current amplitude. Figure 1b shows the corresponding TOF spectra calculated using equation (4) for a selected time of 100 

ns. The ion charge density distribution along the target surface normal shows that the charge density of the fastest group 

of ions produced by the XFEL laser is 108 times lower than that produced by the KrF laser. This value is related to the 

measurable beginning of ion currents.  

 

Figure 1.  (a) Comparison of ion current densities emitted by a Cu target irradiated by 100fs-XFEL and 23ns-KrF laser 

delivering energy of 100 µJ and 34 mJ, respectively. The TOF spectra are related to the distance of the Faraday cup from 

the target, LFC =27.9 cm. (b) Comparison of DOF spectra of charge density of Cu ions produced by XFEL and KrF laser 

calculated for 100 ns elapsed since interaction. 

The higher energy component of the ion beams driven by both lasers is situated closer to the beam axis parallel to the front 

surface normal of the target. The quality of ion sources is assessed in terms of maximum energy and energy dispersion. 

The term maximum energy is related to the fastest ions located at the front of the expanding plasma. These fastest ions are 

not ionized atoms of the target material, but ionized hydrogen that comes from a layer of chemisorbed hydrocarbons and 

H2O on the target surface. Ionized hydrogen, carbon and oxygen are easily identified in plasma production of heavy 

elements, especially tantalum. The inset in Figure 2a shows the time-resolved Ta current driven by the KrF laser, where 2 
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separate peaks of low amplitude occur before the dominant Ta ion peak current. The fastest peak is formed by H+ ions, the 

second is composed of CZ+ and OZ+ ions. The transformation of the TOF spectrum to the DOF one using the relationship 

(4) allows highlighting these low amplitude peaks shown in Figure 2 for Ta and GaAs plasma produced with 23-ns KrF 

laser and 100-fs XFEL pulses, respectively. The three ranges of the DOF spectrum plotted semi-logarithmically in Figure 

2a show an almost linearly decreasing charge density of Ta ions. This makes it possible to fit an exponentially decreasing 

function to the linear parts of the DOF spectrum and to determine the sound velocity of the ions according to equation (4). 

The fitted functions 𝑎0𝑒𝑥𝑝(− 𝑧 𝜏𝑐𝑠⁄ ) are represented by three lines in Figure 2a: The fits of dashed green, dash-dotted red 

and short dashed blue lines allowed to determine the value of 𝐸𝑓𝑒 = 𝑍 ̅𝑘𝑇𝑒 + 𝑘𝑇𝑖 of groups of ions with mean charge �̅�𝑒 

[20] emerging in the given regions, for H+, CZ+ and TaZ+ ions. The fitting gave Efe values of 4, 8 and 10 eV for H+, CZ+ and 

TaZ+ ions, respectively. The kinetic energy of TaZ+ ions reaches the highest value due to their highest atomic mass M (4).  

 

Figure 2.   Spatial distribution of charge density of Ta and GaAs ions after 100 ns of irradiation by (a) 23ns KrF laser and 

(b) 100 fs XFEL, respectively. The inset in (a) shows the corresponding time-resolved ion current that has been 

transformed into DOF using relation (4). 

 

Figure 3 shows the Efe values for H+ ions emitted from various materials exposed to XFEL and KrF laser radiation. H+ ions 

produced by the XFEL laser have Efe  10 eV. In contrast, the Efe value is about 200 times lower for H+ ions produced by 

23-ns KrF laser pulses for both the graphite and Cu targets. This large difference is due to the different effect of long and 

ultrashort lasers. While the nanosecond laser pulse interacts with the plasma expanding from the target and its energy is 

consumed by several processes, the energy of the femtosecond pulse is concentrated within the irradiated volume, which 

does not change during heating. Due to the high-pressure gradients, the irradiated material begins to expand freely 

picoseconds after the laser-target interaction.  

 
Figure 3.   Values of Efe determined from the ion sound velocity of H+ ions emitted by plasma from different elements 

sorted by relative atomic mass Ar. Plasmas were produced by 100fs XFEL and 23ns KrF lasers heating the target 

surfaces with a fluence of 34 and 10 J/cm2, respectively. 
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Figure 3 shows that Efe of H+ ions are independent on the target material up to relative atomic mass Ar 80 for both 

experiments. H+ ions originating from impurities chemisorbed on the surface of the tantalum target have Efe  4eV, which 

is about 10 times higher than in the case of graphite and Cu targets. This is related to their detachment from the Ta surface 

and the formation of a separated group of fast ions, as Figure 2a shows. Although the efficiency of energy transfer between 

electrons and heavy TaZ+ ions could be assumed to be lower due to the large mass ratio, as might be expected when 

comparing the expansion velocity of ions into vacuum [20, 21], the kinetic energy of lighter impurity ions including H+ is 

always smaller than the maximum ion energy of heavier elements of a bulk target. The phenomenon of complete separation 

is not pronounced in the case of ions with a smaller Ar value, as shown in Figure 3. In addition, the ionized impurities such 

as carbon ions are part of the fastest ion group of the target material.  

One of the general characteristics of laser ablation is the dependence of the energy of the fastest ions (i.e., the "maximum 

ion energy") on the laser fluence. The data presented in Figure 4 showing the general trend of maximum ion energy versus 

fluence delivered by fs-ns lasers were collected from a series of experiments devoted to the ablation of thick planar targets, 

specifically according to the Wang diagram [22]. The solid line illustrates the trend of maximum kinetic energy vs. laser 

fluence for ions of different elements produced by different lasers in the wavelength range 193 - 1064 nm and pulse 

duration range 3 - 30 ns according to Wang. References to presented experiments are given to the right outside the diagram. 

Despite the large dispersion, presented data show an increasing dependence of the maximum energy on laser fluence. At 

the centre of the data set, there is a large scattering of the maximum ion energy values. The vertically oriented line at a 

fluence of 10 J/cm2 shows the maximum ion energy range from ~1 – 1000 eV. The horizontally oriented line shows that 

the maximum energy of 30 eV was achieved for fluence rage from 0.5 – 35 J/cm2. This large dispersion of experimental 

data complicates the understanding of laser ablation. Vertical scattering at 10 J/cm2 shows that unlike ns-lasers, the 

maximum energy of H+ ions is effectively generated by 100fs XFEL pulses. However, the slowest H+ ions were emitted 

from the 14Si target, the fastest from the 28Ni and 29Cu targets. The maximum kinetic energy of Ni and Cu target ions 

produced in this experiment is about 50-60 times higher than that of H+ ions (not shown in Figure 4). Compilation of data 

from other experiments with 15fs-XFEL (labels BI and JA) and 52fs-790nm laser pulses (label YO) also confirm more 

efficient coupling of laser energy into short-lived plasma via maximum energy of H+ ions for fluences above 100 J/cm2. 

However, it should be noted that production of MeV protons was achieved by enhanced coupling of laser energy to the 

plasma by creating a pre-plasma with the use of an ns-laser before the arrival of the main fs-pulse and by modifying target 

composition in the case of clusters or microdroplets and by the introduction of sub-laser-wavelength surface modulations 

on solid targets [26].  

The maximum energy of H+ ions emitted from the surface of graphite, Cu and Ta targets irradiated with the 23-ns KrF 

laser pulses increases with increasing atomic weight of the target elements. Also in this case, the mass ratio of produced 

ions affects the energy transfer between electrons and ions. H+ ions from the Ta target were accelerated to a higher kinetic 

energy than H+ from the graphite target. However, in contrast to the final energy Efe of ions, this effect is already significant 

even for elements with Ar < 80. The estimated value of the maximum kinetic energy of TaZ+ ions is about 20 times higher 

than that of the corresponding H+ ions, and thus its value is higher than indicated by the solid trend line XW.  

 

FIGURE 4 Compilation of data showing the dependence of ion energy to laser fluence in the high irradiance regime for fs-ns lasers. Line XW 

illustrates the general trend for ns-ablation of different elements by Wang [22]. Maximum energy of H+ ions by femtosecond ablation of different 

target materials: BI [23], JA [24], YO [25]. Maximum energy of ions produced by nanosecond ablation of different target materials: RD [27], 

NMB [28], RC [29], WD [20], PY [30], NF [31], KK [32], DD [33], AN [34], BIL [35], PD [36], QZ [37], LT [38], SA [39], HK [40]. 
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5. CONCLUSIONS 

The fundamental difference between femtosecond and nanosecond laser-induced ablation processes is that the femtosecond 

laser pulse duration is shorter than the electron-ion energy transfer time and the heat conduction time in the sample lattice, 

while the nanosecond laser pulse interacts with the ablated material that remains in contact with the target. A comparison 

of the properties of ions produced by ablation induced by 100fs, 100J x-ray FLASH2 and 23ns, 34mJ KrF lasers provides 

the following conclusions:  

1) Nanosecond UV ablation of bulk targets produces ~107 times more ions than femtosecond x-ray ablation. 

2) The final energy of ions associated with the ion acoustic velocity driven by the soft x-ray laser is ∼200 times 

higher than that of the UV ns-laser pulses. 

3) The maximum energy of protons produced by the soft-x-ray laser is ~16 times higher than that of a UV ns-laser 

pulses. 

In summary, the time-of-flight and distance-of-flight methods applied here for the analysis of ions emitted during fs- and 

ns-ablation of bulk targets represent a simple but effective tool contributing to the characterization and comparison of 

different mechanisms of laser energy dissipation in irradiated samples.   
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