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Abstract:  15 

Foam targets are expected to be more efficient candidates than solid targets for laser 16 

produced plasma (LPP) for extreme ultraviolet (EUV) and x-ray radiation sources due 17 

to the expected plasma conditions that can be optimized regarding plasma opacities, 18 

volumetrics heating effects, and the produced ions debris characteristics. In this paper, 19 

a comparison of ion dynamics between low-density foam and solid Ni plasma was 20 

systematically investigated at CMUXE. The foam Ni target (density 0.6 g/cm3) and 21 

solid Ni target (density 8.9 g/cm3) were irradiated with 1064 nm Nd:YAG laser in 22 

vacuum. A Faraday cup (FC) was used to record the ion flux and time-of-flight (TOF) 23 

signals. A lower and wider TOF signal was observed for foam Ni plasma on the time 24 

scale. The average ion energy and peak of the TOF signal of solid Ni plasma were much 25 

higher than that of the foam Ni plasma. However, the total charge values between foam 26 

and solid Ni plasma were comparable indicating a more volumetric absorption of laser 27 

energy for foam Ni. The average ion energy and peak of the TOF signal of solid Ni 28 
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showed a stronger angular and laser energy dependence than that of foam Ni. The plume 29 

shape of the solid Ni plasma appeared as an oblong ellipse at each time, while that of 30 

foam Ni plasma tended to be more circular, especially at early times. The results of 31 

mass ablation rate were consistent with the FC signals and showed a more intense 32 

plasma shielding for solid Ni. 33 

 34 

Keywords: low density foam targets; laser produced plasma; ion dynamics; plasma 35 

expansion; mass ablation rate 36 

 37 

1. Introduction 38 

Laser produced plasma (LPP) with a high-power laser pulse opens up a new path 39 

for the development of innovative extreme ultraviolet (EUV) and x-ray sources which 40 

are very important for wide-ranging applications. These include advanced lithography 41 

1, x-ray backlighting 2, inertial confinement fusion (ICF) 3, Thomson scattering 4, high 42 

energy density physics (HEDP) 5, radiography 6, etc. In these applications, it is crucial 43 

to acquire the EUV and x-ray sources with a high brightness and high conversion 44 

efficiency (CE) of laser to desired EUV or x-ray radiation output. The EUV and x-ray 45 

yield is determined by the plasma state which is significantly dependent on irradiation 46 

conditions such as laser intensity, pulse duration, focusing spot size, waveform, laser 47 

wavelength, etc. 7–12. Furthermore, the target parameters (atomic number, structure, 48 

density, geometric shape, thermal conductivity, heat capacity, etc.) will also influence 49 

the final CE and an efficient source can be achieved by optimizing these parameters 13–50 

18. Currently, one important issue for the interaction between laser and solid targets is 51 

that the latter is highly opaque, thus limiting the interaction region to the skin layer of 52 

the target surface. Furthermore, the electron density of the plasma produced by the 53 

leading edge of the laser will reach the critical density quickly because of the high-54 

density of the solid target, which causes a significant fraction of the laser energy to be 55 

reflected and a rather low laser absorption rate 19,20. However, reducing the initial 56 
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density of target used in LPP could effectively solve this issue 21. Recently, the 57 

interaction between the laser and low-density foam targets is becoming a research 58 

hotspot. 59 

When a pulsed laser is incident upon a low-density foam target, the laser is able to 60 

penetrate and heat the target directly to a much greater depth/volume and a controlled, 61 

low-density plasma will be generated, showing the so-called volumetric heating effect 62 

and relatively uniform density and temperature compared with solid targets 22. These 63 

characteristics of foam targets can increase the laser absorption rate and reduce the ion 64 

kinetic energy, which is very beneficial for the EUV or x-ray conversion devices 23. In 65 

the field of semiconductor lithography, liquid tin droplets irradiated by a double pulse 66 

laser scheme is currently adopted to enhance the EUV emission intensity with 100 kHz 67 

repetition 24,25. However, the double pulse scheme has a durability problem due to the 68 

difficulty of controlling the droplet expansion dynamics and fragmentation caused by 69 

the pre-pulse 22,26. Currently, some research related to the laser produced low-density 70 

tin plasma show that the complex double pulse laser scheme is expected to be replaced 71 

by using low-density foam targets in the future 26–28. In addition, low density foam 72 

targets have been demonstrated to have higher x-ray radiation than solid targets in 73 

reports of the laser produced Au 23,29,30, Cu 31, V 31, Ti 32, Ca 33, Bi 34, and cellulose 74 

triacetate 20 plasma. Thus, low density foam targets are expected to be the most suitable 75 

candidates for the efficient LPP EUV and x-ray sources 20. 76 

Currently, most of studies related to low density foam targets in LPP focus on their 77 

EUV or x-ray radiation. Previously, Harilal et al. 28 compared the EUV spectral purity 78 

and ion debris mitigation between the low-density and solid Sn targets by using a 79 

transverse magnetic field. The results show that the ion flux can be effectively reduced 80 

more than 1 order of magnitude for the low-density Sn targets by using a 0.64 T 81 

magnetic field, while the magnetic field slowed down only Sn ions for solid Sn plasma. 82 

The unresolved transition array (UTA) spectrum at 13.5 nm showed a narrower 83 

distribution for low-density Sn plasma. Yunsong et al. 30 studied the detailed energy 84 
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distributions in laser produced solid and foam gold plasma by using a 1D hydrodynamic 85 

code. The calculated results show that the foam gold targets have stronger x-ray 86 

radiation and lower kinetic energy of ions, which is ascribed to the larger x-ray emission 87 

zone and smaller conduction zone. Fazeli 33 simulated the effects of target porosity on 88 

the x-ray line emission from laser produced Ca plasma in the water-window region for 89 

different laser pulses with different intensities and durations. The results calculated with 90 

1D Lagrangian laser plasma code also indicated that the x-ray lines were enhanced 91 

considerably for low-density Ca targets and the plasma ion density can be turned by 92 

increasing the target porosity. Lu et al. 35 reported the plasma expansion with gold foam 93 

irradiated by laser. The theoretical analysis and MULTI 1D simulation results show that 94 

the density contour of gold foam moved slower than that of solid gold. Kaur et al. 20,29,36 95 

investigated the interaction of high-power sub nanosecond laser pulses with low-96 

density cellulose triacetate polymer and gold foam targets. They demonstrated that the 97 

low-density foam targets in LPP could enhance the x-ray yield and reduce the kinetic 98 

energy of ions. Although many papers show that the x-ray radiation could be enhanced 99 

by using low density foam targets, further studies are still needed to fully understand 100 

the physics of laser interaction of low-density foam targets. Furthermore, although 101 

some papers report a decrease in ion kinetic energy for the low-density foam targets, 102 

the majority of these studies are theoretically calculated results obtained through some 103 

simulations. Per our knowledge, there are very few experimental studies on the 104 

comparison of ion dynamics, plasma plume expansion and mass ablation rate between 105 

the solid targets and low-density foam targets. It is well known that pulsed LPP is a 106 

transient process, and the plasma state will evolve rapidly with time and space. It is 107 

essential to obtain information about laser energy absorption, heat transfer, electron-108 

lattice energy exchange, plasma plume formation and expansion, material melting and 109 

evaporation, etc. The determination of the ion dynamics, plasma plume expansion 110 

evolved with time and space and mass ablation rate dependence on laser energy could 111 

result in better understanding of the physics of laser interaction with low-density foam 112 
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targets, which is critical for efficient LPP EUV and x-ray sources. 113 

In this paper, we have systematically studied and compared the characteristics of 114 

laser produced solid and low-density foam Ni plasma. The ions emitted from the LPP 115 

were collected by a Faraday cup (FC). The total charge, time-of-flight (TOF) signals 116 

and ion kinetic energy distributions of the LPP for solid and foam Ni plasma have been 117 

studied and compared in detail. In particular, the influence of laser intensity on these 118 

parameters and their angular dependence was also investigated. An intensified charge 119 

coupled device (ICCD) was used to capture the two-dimensional plasma plume images 120 

and a microbalance was adopted to calculate the mass ablation rate of the different 121 

targets. These experimental results provide more insight into the basic processes of ion 122 

emission, ion kinetic energy distributions, plume expansion dynamics, and the 123 

interaction between the laser and target. 124 

2. Experimental setup 125 

 126 

Figure 1 The schematic of the experimental setup in CMUXE and the pictures of solid and foam Ni under 127 

SEM. BC, biasing circuit; FC, Faraday cup; MS, microscope slide, TMP, turbomolecular pump; PC, 128 

polarizing cube; WP, half waveplate; ICCD, intensified charged coupled device.  129 

The schematic of the experimental setup in CMUXE is shown in Figure 1. A Q-130 

switched Nd:YAG (Continuum Surelite III) laser was used for generating plasma in a 131 

vacuum chamber and operated at the wavelength of 1064 nm. The full width half 132 



 

6 

 

maximum (FWHM) pulse duration and unfocused circular beam diameter were 6 ns 133 

and 10 mm, respectively. A combination of a half waveplate and a polarizing cube was 134 

used to attenuate the output laser pulse energies. The laser energies were adjusted from 135 

100 mJ to 400 mJ in steps of 25 mJ to investigate the dependence of laser energy on 136 

ion dynamics. A 20 cm plano-convex lens was adopted to focus the laser beam onto the 137 

surface of the planar solid and foam Ni targets. A very thin microscope slide was 138 

connected to the lens to prevent the contamination coming from plasma debris and 139 

would be replaced after each 1000 pulses. The targets were placed in front of the lens 140 

focal point to obtain a larger spot size which was 520 μm. The peak power density of 141 

the laser for 100 mJ, 200 mJ, 300 mJ, and 400 mJ was 7.82×109 W/cm2, 1.56×1010 142 

W/cm2, 2.35×1010 W/cm2, and 3.13×1010 W/cm2, respectively. 143 

The densities of the solid and foam Ni target were 8.9 g/cm3 and 0.6 g/cm3, with 144 

purities of 99.96% and 99.8%, respectively. The foam Ni target showed an open-cell 145 

network structure under a scanning electron microscope (SEM) which is shown in 146 

Figure 1. Both of the solid and foam Ni were mounted side by side to a remotely 147 

controlled servomotor (ThorLabs Z825B) XYZ translation stage, which translated the 148 

targets around the laser irradiating position to provide fresh surface exposure for each 149 

measurement. The position of laser focal point could also be adjusted on different areas 150 

of the target surface by the servomotor without opening the vacuum chamber, making 151 

sure that the experimental results of solid and foam Ni were obtained at the same 152 

conditions. The pressure in the vacuum chamber was kept at ~2×10-5 Torr during the 153 

experiment to minimize the charge exchange with the residual ambient gas. 154 

A cylindrical Faraday cup (FC) ion collector (IC) with a 3 mm entrance aperture 155 

diameter was placed at a distance of 9.4 cm from the target surface to monitor the flux 156 

and kinetic energy of the ions induced by the laser-target interaction. The Faraday cup 157 

was mounted on a rotating handle with an angle meter which allowed the angle of 158 

measurement to be changed from outside the chamber. When the angle meter on the 159 

rotating handle showed 0°, it meant that the FC and the laser spot were on the same 160 
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horizontal plane. At the time illustrated in Figure 1, the angle between the FC and the 161 

target normal was 12°. A bias voltage of -30 V was applied to collect the ions and to 162 

repel the electrons emitted from the plasma. The output signal was monitored and 163 

recorded using a 50 Ω load resistor 1 GHz oscilloscope (Agilent infiniium MSO8104A). 164 

Each ion signal was obtained with same experimental conditions by averaging the 165 

voltage signals 10 shots to minimize the influence of the fluctuation in the shot-to-shot 166 

laser energy. 167 

For the evolution of plasma plumes, a series of time resolved plasma images were 168 

captured by an intensified charged coupled device (ICCD) camera (Andor iStar 169 

DH334T-18U-E3 1024×1024) using a tele-photo objective lens (Edmund Optics 75 mm 170 

DG Series Fixed Focal Length Lens) through a quartz window in the vacuum chamber 171 

at a 90° angle with respect to the incident laser. The plasma images were composed of 172 

integrated radiation from a wavelength region of 180-850 nm. The gate width with 5 ns 173 

and 10 ns were used to image plasma at early times (<100 ns) and at later times, 174 

respectively.  175 

A microbalance (METTLER TOLEDO XS3DU, dual range balance with 1 μg 176 

readability) was used to measure the target mass before and after being irradiated by 177 

the pulsed laser. Two hundred shots were accumulated at different laser energies and 178 

the mass difference was used to calculate the mass ablation rate. All experiments were 179 

repeated 5 times and then take an average as the final results to improve the reliability 180 

of the data. 181 

3. Results and discussion 182 

3.1 Ion measurements 183 

Understanding the ion emission characteristics and the effect of laser intensity on 184 

the ions’ kinetic energy and angular dependence are essential to investigate LPP 185 

evolution and dynamics. 186 
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 187 

Figure 2 Typical ion time-of-flight (TOF) signal obtained from the Faraday cup ion collector for various 188 

laser energies for (a) Foam Ni and (b) Solid Ni. The Shifted Maxwell Boltzmann distribution was used 189 

to fit the thermal peaks. The inset shows the ion kinetic energy distribution converted from the TOF 190 

signal. 191 

Figure 2 shows a typical TOF signal obtained from the Faraday cup ion collector 192 

for various laser energies. Each curve was the average of the TOF signal for 10 193 

consecutive laser shots. In general, the TOF signal of the foam and solid Ni all reached 194 

a peak quickly with time under different laser energies, and then decreased as the plume 195 

continued to expand beyond the FC. In addition, the rising rate of the TOF signal and 196 

its peak increased and the position of ion peak shifted to earlier times as the laser energy 197 

increased, indicating an enhancement in the number of high-energy ions. In nanosecond 198 

LPP, the electrostatic model 37 is usually used to explain the ion acceleration. The 199 

electrons will absorb the laser energy via inverse bremsstrahlung (IB) process and 200 

transfer the absorbed laser energy to ions through electron-ion collisions on the time 201 
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scale of the electron-ion thermalization time (10-10-10-11 s) which is much shorter than 202 

the laser pulse duration. In other words, the electrons and ions reach equal thermal 203 

energies at the end of the laser. However, the electron velocities are much higher than 204 

that of the ions due to the huge mass difference. A space charge separation in the plasma 205 

plume is formed due to the huge velocity difference between the energetic electrons and 206 

the heavy ions, generating a self-electrostatic field. The ions are accelerated in this self-207 

electrostatic field and the final ion kinetic energy is proportional to their charge state. 208 

However, this ion acceleration due to the generation of electrostatic field is more 209 

pronounced at higher laser intensities. Figure 2 shows such high energy ions detected 210 

at earlier time which are small fraction of the total ions kinetic energy. Previous 211 

experiments showed two peaks of ion kinetic energies in LPPs related to small fast ions 212 

fraction and large slow ions fraction 38. HEIGHTS 3D simulations predicted very 213 

accurately the kinetic energies of the large ion fraction showing that most of kinetic 214 

ions in LPPs at the considered laser intensities can be explained by hydrodynamic 215 

effects in quasi neutral plasma plume 8,39. Therefore, the increase of the average ion 216 

charge state as well as increasing plasma kinetic energy with the increase of laser energy 217 

is the most probably reason for the increase in ion kinetic energy of solid and foam Ni 218 

plasma. The increasing difference of average ion energy between solid and foam Ni 219 

plasma is shown in Figure 3(a) and will be discussed later. 220 

Generally, the LPP will experience complicated processes of ionization and 221 

recombination after it is generated. The TOF signal obtained from Faraday cup ion 222 

collector is composed of all ion energies and charge states emitted from LPP. Under the 223 

combination of ionization and recombination process, a shifted Maxwell-Boltzmann 224 

(SMB) is usually used to describe the ion kinetic energy distribution in LPP 37: 225 

 ( )

2

3

exp
2

fit

B x

L
m v

L t
F t C

t k T

  −      = −    
 
 

 (1) 226 

where C  is a scale parameter, L is the distance between the FC and target surface, 227 
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fitv  is the center-of-mass velocity which is determined by the adiabatic expansion and 228 

the coulomb acceleration, Bk  is the Boltzmann constant, and xT  is the translational 229 

temperature. According to the SMB fitting, the center-of-mass velocity of foam Ni 230 

plasma at 100 mJ, 200 mJ, 300 mJ, and 400 mJ were 1.62×104 m/s, 2.88×104 m/s, 231 

3.39×104 m/s, 3.40×104 m/s, and that of solid Ni plasma were 4.66×104 m/s, 6.22×104 232 

m/s, 7.22×104 m/s, and 7.55×104 m/s, respectively. These velocities provide guiding 233 

relevance for the plasma plume expansion. Based on the comparison of center-of-mass 234 

velocity between the foam and solid Ni plasma, we can also infer that the plasma plume 235 

expanded faster for solid Ni plasma along the target normal, which was also verified by 236 

the time-resolved plasma plume images in next section. 237 

The shape of TOF signal highly depends on the ion density distribution in the 238 

plasma plume along the specific direction. The TOF signal of foam Ni plasma in Figure 239 

2 experienced a longer time and showed a much smaller amplitude than that of solid Ni 240 

plasma, indicating a lower and wider distribution for foam Ni plasma on the time scale. 241 

This meant that the ion density distribution in the foam Ni plasma plume was relatively 242 

more uniform compared to solid Ni plasma. Similar results are found in laser produced 243 

low-density polymer aerogels plasma 36 and gold foams plasma 29 studies. The inset in 244 

Figure 2 shows the ion kinetic energy distribution converted from the TOF signal which 245 

provide a more intuitive comparison of the ion kinetic energy between the solid and 246 

foam Ni plasma. The proportion of high-kinetic energy ions in the solid Ni plasma was 247 

much higher than that of the foam Ni plasma. For example, in the case of the 400 mJ 248 

laser energy, there were almost no ions with kinetic energy greater than 2000 eV in the 249 

foam Ni plasma, while nearly half of the ions with kinetic energy greater than this value 250 

existed in the solid Ni plasma. This is very important in terms of the lifetime of the 251 

optical collecting system, e.g., in nanolithography devices. Lower energy ions of the 252 

foam targets will cause less damage than the energetic ions of the solid targets. 253 
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 254 

Figure 3 Effect of the laser energy on (a) average ion energy, (b) peak of the TOF signal and (c) total 255 

charge. The error bars represented the standard deviation derived from the data of five experiments. 256 

In order to further compare the plasma characteristics between the foam and solid 257 

Ni plasmas, the effect of the laser energy on the average ion energy, peak of the TOF 258 
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signal, and the total charge is shown in Figure 3. The average ion energy can be 259 

calculated as  260 

 

2

1/ 2

( ) ( )
f f

i i

t t

t t

L
E M

t

t tV t dt V t dt

 =  
 

=  
 (2) 261 

where M  is the mass of the ion, it  and ft  respectively are the start and end time 262 

values of the ion signal, ( )V t  is the voltage measured by the FC. As expected, the 263 

average ion energy of the solid and foam Ni plasma increased with the increase of laser 264 

energy, but the rising rate was slowly decreasing, and that of foam Ni plasma showed a 265 

saturation trend. The average ion energy of solid Ni plasma was greater than that of 266 

foam Ni plasma and the difference gradually increased with the increase of laser energy. 267 

For instance, the difference of the average ion energy between solid and foam Ni plasma 268 

was 536.4 eV at 100 mJ, and this value became 1498.7 eV at 400 mJ. These results 269 

implies that ions are thermalizing at lower kinetic energy and weak laser energy 270 

dependence in case of foam targets which is very important for the fusion research and 271 

EUV debris reducing where lower energy ions are preferable.  272 

It is well known that the laser can only propagate in the plasma below the critical 273 

electron density. During the interaction between laser and plasma, an ionization wave 274 

and a rarefaction wave will be created in the conduction zone and the interface between 275 

the plasma and vacuum, respectively 20,23. If the velocity of ionization wave propagating 276 

into the bulk target is higher than that of sound in the already heated matter, significant 277 

hydrodynamic motion will not be generated in spite of pressure gradients are very large 278 

at the position of heat front 20. Various studies 20,23,30 related to laser produced under-279 

dense target (the ionized electron density lower than the laser critical density) plasma 280 

pointed out that the ionization wave generated by laser ablating under-dense target is 281 

supersonic and the rarefaction wave is subsonic. In the case of under-dense plasma, no 282 

hydrodynamic motion of the dense plasma occurs because of the supersonic laser 283 

heating, resulting in no hydrodynamic shock wave generated. Therefore, the absorbed 284 
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laser energy will not be transferred to hydrodynamic motion. Alternatively, a 285 

hydrodynamic shock wave will be created inside the over-dense plasma plume which 286 

enhances the conversion of the laser energy to the ion kinetic energy 20,36,40. The electron 287 

density 
en  of the target can be calculated from the mass density   by 41 288 

 
e v

atom

Z
n A

M
=  (3) 289 

where Z  is the average ionization state, 
atom

M  is the average atomic weight, and 
vA  290 

is the Avogadro’s number. Although the electron density of the foam and solid Ni under 291 

absolute ionization (2.56×1024 cm-3 for solid Ni, 1.72×1023 cm-3 for foam Ni) were both 292 

greater than the critical density (1.03×1021 cm-3 for 1.064 μm laser), the hydrodynamic 293 

shock wave formation was suppressed due to the low initial density of foam Ni to a 294 

certain extent, thereby reducing the conversion of laser energy to ion kinetic energy for 295 

foam Ni. 296 

Figure 3(b) and Figure 3(c) show the peak of the TOF signal and the total charge 297 

under different laser energies, respectively. The peak of the TOF signal reflects the 298 

maximum ion density of plasma plume in a specific direction and the total charge 299 

represents the ion yield during the interaction between the laser and targets. It is obvious 300 

that the two parameters of the solid Ni were greater than those of the foam Ni due to 301 

the huge difference in target density. The total charge was calculated by integrating the 302 

corresponding TOF signal shown in Figure 2 42: 303 

 
( )f

i

t

t

V t dt
Q

R
=   (4) 304 

where R  is the load resistance. It can be seen that the peak of the TOF signal and total 305 

charge increased with laser energies for foam and solid Ni. The peak of the TOF signal 306 

for foam and soldi Ni both increased about 2 times in the studied laser energy range. 307 

The rise of these two parameters with laser energies can be due to the following two 308 

reasons. First, laser with high-energy would ablate more target material and have a 309 

higher mass ablation rate. Second, the increased laser energy enhanced the plasma 310 
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heating process by the IB mechanism and lead to a higher degree of ionization in the 311 

plasma 42,43. By comparing the peak of TOF signal between the foam and solid Ni, it 312 

can be clearly seen that the peak of TOF signal of the solid Ni was about 4 times that 313 

of the foam Ni under each laser energy, which confirms that the maximum ion density 314 

in solid Ni plasma plume was much higher than that of foam Ni plasma. The total charge 315 

in Figure 3(c) also shows a saturation behavior for solid Ni in the studied laser energy 316 

range, which was not obvious for foam Ni. The saturation behavior for solid Ni could 317 

be ascribed to the more intense plasma shielding and reflection at the critical density 318 

point, which was also verified by the mass ablation rate shown in section 3.3. Similar 319 

saturation trend was found in laser ablation of other solid materials 38,44. The reason of 320 

the difference between the solid and foam Ni plasma could be explained as follows. 321 

During the processes of nanosecond laser target interactions, once the critical density 322 

is reached, the rest of the laser energy will be reflected and absorbed at the edge of the 323 

plasma plume which is then used to increase the ion kinetic 45. Generally, the radiation 324 

absorption length along the beam axis can be treated as the so-called geometrical 325 

transparency length T
L  , which is determined by the classical collision mechanisms 326 

20,36,40: 327 

 

28 3/2

2 2

9.2 10
T

A T
L

Z Z  

−  =  
 

 (5) 328 

where Z  is the charge of the plasma ions, A  is the atomic number, T  is the electron 329 

temperature (keV),    is the wavelength of the laser (μm), and    is the plasma 330 

density (g/cm3). From Equation (5), it is clear that the geometrical transparency length 331 

for laser radiation is inversely proportional to the squared foam (plasma) density, which 332 

means that the geometrical transparency length is shorter for solid Ni target due to its 333 

higher initial density. Therefore, when the high-power laser irradiated the solid Ni target, 334 

the plasma generated by the leading edge of the laser pulse would reach the critical 335 

electron density faster than that of the foam target and most part of the absorbed laser 336 

energy only took place near the critical electron density point, resulting in a higher 337 
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electron density gradient. Main part of the increased laser energy will be reflected at 338 

the critical density point in the case of the solid Ni, which prevented to ablate more 339 

target material. Due to the lower initial density of the foam Ni, the critical density point 340 

was deeper inside of the target and the laser can penetrate the target to a much greater 341 

depth 20,33. In other words, the under-dense corona zone (the electron density lower than 342 

critical density) of the foam Ni plasma was larger than that of solid Ni plasma and the 343 

electron temperature and density in the foam Ni plasma plume were more uniform 22. 344 

This phenomenon can also be reflected to a certain extent from the lower and wider 345 

TOF signal of the foam Ni shown in Figure 2. These characteristics of foam Ni 346 

exhibited the so-called volumetric heating effect and a higher laser energy absorption 347 

as the laser energy increased 20,22,23,33. Therefore, the saturation behavior of total charge 348 

was more obvious for solid Ni. The increase of the total charge for foam Ni plasma was 349 

much greater than that of solid Ni plasma in the studied laser energy range. 350 
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 351 

Figure 4 Typical ion TOF signal obtained from Faraday cup ion collector for various angular (a) Foam 352 

Ni and (b) Solid Ni. The 0° means that the FC and the laser spot were on the same horizontal plane. The 353 

Shifted Maxwell Boltzmann distribution was used to fit the thermal peaks. The inset shows the ion kinetic 354 

energy distribution converted from the TOF signal. 355 

Understanding the angularly resolved distributions of the ion flux and kinetic 356 

energies are essential to study the mechanisms of ion production and plume expansion 357 

dynamics. For better understanding of the angular dependence of the ions emitted from 358 

foam and solid Ni plasma, the FC was mounted on a rotating handle with an angle meter 359 

and placed at various angles with respect to the horizontal plane, and the ion TOF 360 

signals were recorded and shown in Figure 4 when the laser energy was 400 mJ. The 361 

solid lines given in Figure 4 correspond to the SMB fitting using Equation (1). It is clear 362 

that the peak of the TOF signals for solid and foam Ni occurred at later times and the 363 

amplitudes decreased with the angles. The TOF signal amplitude of the solid Ni was 364 

larger than that of the foam Ni at various angles and the TOF signal of the solid Ni had 365 
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a narrower distribution than that of the foam Ni. The inset in Figure 4 shows the ion 366 

kinetic energy distribution and the results illustrated that the maximum probable energy 367 

of the ions from both foam and solid Ni plasma decreased with an increase in off-normal 368 

angles. When the off-normal angles increased from 0° to 40°, the most probable ion 369 

kinetic energy of the solid Ni plasma dropped from 2120 eV to 400 eV, and that of foam 370 

Ni plasma dropped from 830 eV to 270 eV.  371 
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 372 

Figure 5 Angular dependence of (a) average ion energy, (b) peak of the TOF signal and (c) total charge. 373 

The error bars represented the standard deviation derived from the data of five experiments. The solid 374 

curves in each plot represent the cos𝑛 𝜃 fitting to the various data sets. 375 

In order to compare the angular dependence of the ions between the solid and foam 376 

Ni plasma, the average ion energy, peak of the TOF signal and total charge under 377 
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different angles were calculated and shown in Figure 5. The TOF signals were recorded 378 

for positive angles but copied to their negative angles for comparison assuming 379 

hemispherical expansion of the plasma plume. Generally, the angular distribution of the 380 

ions can be described by the cosn    function when a laser pulse is irradiated on a 381 

planar target in the normal direction 37, where n  is typically larger than 1. The solid 382 

curves shown in Figure 5 represent the cosn    fitting to the various data sets. The 383 

results show that the average ion energy, signal amplitudes, and the total charge strongly 384 

peaked when the angle was directly normal to the target and this behavior was more 385 

obvious for solid Ni plasma.  386 

These three ion parameters of solid Ni were larger than that of foam Ni at various 387 

angles, but the difference between them gradually decreased with the increase of the 388 

angle. The average ion energy and peak of the TOF signal of solid Ni showed a stronger 389 

angular dependence than that of foam Ni. For example, the average ion energy and peak 390 

of the TOF signal of solid Ni were reduced to only 33.6% and 21.3% of the initial values 391 

at 40°, respectively. In the case of foam Ni, the average ion energy and peak of the TOF 392 

signal were reduced to 43.4% and 32.2% of the initial values at the same angle, 393 

respectively. Based on the fitting results, the exponent n   was estimated with an 394 

accuracy of 10% at 3.09 and 4.87 for foam and solid Ni in Figure 5(a), and at 3.41 and 395 

6.11 in Figure 5(b), respectively. These results indicated that the plasma plume 396 

expansion was more isotropic for foam Ni compared with solid Ni, which could be 397 

ascribe to the larger geometrical transparency length and the volumetric heating effect. 398 

In the case of the total charge, both the solid Ni plasma and foam Ni plasma have similar 399 

angular distributions. Although the average ion energy and peak of the TOF signal of 400 

foam Ni plasma were much lower than that of solid Ni plasma, the total charge between 401 

the foam Ni target and solid Ni target was comparable in spite of the density of the foam 402 

Ni target was less than 1/10th of the solid Ni target. These results indicated that a large 403 

number of ions were coming from the large volume of foam Ni plasma and supported 404 

the more volumetric absorption of laser energy for low-density foam targets, which was 405 
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also consistent with the laser produced low-density foam gold 29, SiO2 46 and polymer 406 

aerogels 36 plasma studies and some simulations 30,33. 407 

3.2 Plasma plumes 408 

While the FC ion collector can provide interesting ion dynamic results along with 409 

the specific expansion direction, it is difficult to provide the two-dimensional shape of 410 

the plasma plume. In order to further investigate the plasma expansion dynamics, fast 411 

photography studies of foam Ni plasma and solid Ni plasma were carried out in order 412 

to record a series of time-resolved plasma plume images. These images provide the 413 

details of the LPP expansion dynamics, especially at very early stages after plasma 414 

generation. 415 
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 416 

Figure 6 Time sequence of the two-dimensional ICCD images showing the spatial-temporal evolution of 417 

the plasma plume for foam and solid Ni. The laser irradiated on the targets along the z direction and its 418 

energy was 100 mJ. The black star (*) in each image represents the emission center determined by the 419 

1st-order moment of the emission intensity. The red ellipse in each image represents the plasma plume 420 

edge determined by the 2nd-order moment of the emission intensity. Each image at particular time is 421 

normalized to maximum intensity with respect to solid Ni images. 422 

Figure 6 gives the time sequence of the two-dimensional ICCD images showing 423 

the spatial-temporal evolution of the plasma plume for the foam and solid Ni. The laser 424 

energy used for this measurement was 100 mJ and the gate width of the ICCD was fixed 425 
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to 5 ns at early times (<100 ns) to minimize the spatial-temporal mixing and to optimize 426 

the imaging of internal structures. After 100 ns, the gate width was fixed to 10 ns to 427 

compensate for lower radiation at later times. Unlike the plasma plume expanding into 428 

an ambient gas condition, a sharp boundary was not observed in ICCD imaged plumes. 429 

In order to further investigate the plume expansion dynamics, determining the emission 430 

center and plume edge is very important and necessary. Based on the 431 

magnetohydrodynamics and self-similar expansion model 47, the plasma plume 432 

generated by a laser irradiating a plane target can be approximated as an ellipsoid. 433 

Therefore, the plume shape of the LPP can be suitably described by an elliptic equation. 434 

In this study, the 1st-order moment and 2nd-order moment of the plume emission 435 

intensity were adopted to define the emission center and plume edge, respectively. The 436 

emission center was calculated as 48: 437 
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where z  is the direction along the laser irradiating, y  is the direction parallel to the 439 

target surface, and I  is the emission intensity of the plume. The semi-major axis and 440 

semi-minor axis of plume edge ellipse were calculated as 48: 441 

 

( )
( )

( )
( )

2

2

2

2

( ) ,
2 2

,

( ) ,
2 2

,

z z

y y

z z I z y dzdy
R

I z y dzdy

y y I z y dzdy
R

I z y dzdy





+ +

− −
+ +

− −

+ +

− −
+ +

− −

−
= =

−
= =

 
 

 
 

 (7) 442 

Generally, the plasma plume of foam and solid Ni both showed an almost symmetrical 443 

distribution with respect to the normal direction of the targets, and both expanded freely 444 

with little external viscous force because of the lower ambient pressure and the much 445 

higher initial pressure of the plasma. It is clear that the emission intensity of solid Ni 446 

was higher than that of foam Ni due to the higher initial density. The plume shape of 447 

the solid Ni plasma appeared as an oblong ellipse at each time, while that of foam Ni 448 
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plasma tended to be more circular, especially at early times. By comparing the position 449 

of plume edge, it can be seen that the expansion velocity of solid Ni plasma was much 450 

higher than that of foam Ni plasma along the laser irradiating direction. This meant that 451 

the expansion dynamics of solid Ni plasma was more anisotropic than that of foam Ni 452 

plasma, which was consistent with the FC signal studies. 453 

 454 

Figure 7 (a) Temporal variation of the plume position in z direction obtained from ICCD images. The 455 

‘edge’ (■, ●) represents the position of fitting ellipse edge. The ‘center’ (▲, ▼) represents the position 456 

of the fitting ellipse center. The solid lines correspond to the linear fit. (b)Temporal variation of the 457 

eccentricity of the fitting ellipse. The error bars represented the standard deviation derived from the data 458 

of five experiments. 459 

Figure 7 gives a more direct comparison of the plume position along the laser 460 

irradiating direction between the foam and solid Ni plasma as well as the eccentricity 461 

of the fitting ellipse. The results show a linear trend for the plasma plume of foam and 462 
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solid Ni at later times which means that the plasma was expanding freely because the 463 

ambient conditions were almost near vacuum. This linear trend was more obvious for 464 

later times due to the less collisions. There was a jump in plume position between 100 465 

ns and 120 ns because the gate width of ICCD was fixed from 5 ns to 10 ns. The average 466 

velocities of the plume edge derived from the plot for foam and solid Ni were 2.94×106 467 

cm/s and 4.27×106 cm/s, and that of the emission center for foam and solid Ni were 468 

1.49×106 cm/s and 2.03×106 cm/s, respectively. These results were comparable with 469 

the average velocity (3.45×106 cm/s for foam Ni, 5.43×106 cm/s for solid Ni) and 470 

center-of-mass velocity (1.79×106 cm/s for foam Ni, 4.65×106 cm/s for solid Ni) 471 

determined from the FC signal. The velocities derived from the ICCD images were 472 

smaller than that determined from FC signal and the reason could be as follows. The 473 

TOF signal recorded by Faraday cup was only contributed by ions in the plume. 474 

However, the plasma plume captured by the ICCD was recorded integrally from a 475 

wavelength range of 180-850 nm, which meant that the plume intensity included much 476 

radiation from neutrals. Nevertheless, according to the electrostatic model 37, the 477 

neutrals cannot be accelerated in the self-electrostatic field and their velocities are much 478 

lower than ions in the plasma plume, which has been demonstrated by theoretical and 479 

experimental studies 37,49. Therefore, the neutrals emission included in the plume would 480 

reduce the average velocity determined from the time resolved ICCD images. 481 

Figure 7(b) shows the temporal variation of the eccentricity of the fitting ellipse. 482 

The eccentricity of the fitting ellipse could reflect the shape of the plume and be 483 

determined as: 484 
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where 
yR   and z

R   are the semi-minor axis and semi-major axis of plume edge 486 

ellipse. The eccentricity of foam and solid Ni plasma plume was at 0 at very early times 487 

which meant that plasma plume shape was more like a circle, and then the eccentricity 488 

increased with time until a plateau was reached. The eccentricity of solid Ni plasma 489 
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plume had a much higher increasing rate than that of foam Ni plasma plume and the 490 

final value of solid Ni plasma plume was higher than that of foam plasma plume. The 491 

results indicated that the plume shape gradually evolved from a circle to a flatter ellipse 492 

with time and the solid Ni plasma had a stronger angular dependence than that of foam 493 

Ni plasma. The larger eccentricity jitter of the foam Ni plasma plume could be due to 494 

the fact that the foam Ni target had a random network structure and was kept moving 495 

during the experiment, resulting in a slightly pressure difference in the plume produced 496 

by each laser shot. The eccentricity jitter of the foam Ni plasma plume was smaller at 497 

later times since the plume difference was compensated with plume expansion. 498 

3.3 Mass ablation rate 499 

 500 
Figure 8 Trend of mass ablation rate for foam and solid Ni targets at various laser energies. The error 501 

bars represented the standard deviation derived from the data of five experiments. 502 

Studying the mass ablation rate gives useful information about the interaction 503 

between laser and target. Figure 8 shows the trend of mass ablation rate for foam and 504 

solid Ni targets at various laser energies. The mass ablation rate of solid and foam Ni 505 

increased about 1.6 times and 3.2 times in the investigated laser energy range, 506 

respectively. Although the mass ablation rate of soldi Ni was higher than that of foam 507 

Ni at various laser energy, the values between them were somewhat comparable in spite 508 

of the huge difference in target density. In addition, a near saturation trend of mass 509 

ablation rate was found for the solid Ni which was absent for foam Ni in the investigated 510 

laser energy range. These results were consistent with the total charge shown in Figure 511 
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3(c) and indicated that the plasma shielding effect was more intense for solid Ni. 512 

4. Conclusion 513 

Foam targets are expected to be more efficient candidates than solid targets for 514 

laser produced plasma (LPP) for extreme ultraviolet (EUV) and x-ray radiation sources 515 

due to the expected plasma conditions that can be optimized regarding plasma opacities, 516 

volumetrics heating effects, and the produced ions debris characteristics. The ion 517 

emission from solid and foam Ni targets during 1064 nm wavelength Nd:YAG laser 518 

ablation was investigated in detail using Faraday cup (FC). The average ion energy, 519 

peak of the time-of-flight (TOF) signal, and the total charge was measured as a function 520 

of laser energy and off-normal angles. It was shown that the TOF signal of foam Ni 521 

plasma demonstrated a lower and wider distribution than that of solid Ni plasma on the 522 

time scale, which indicated that the ion density distribution in the foam Ni plasma 523 

plume was relatively more uniform compared to solid Ni plasma. The ion emission 524 

features at various angles showed a stronger angular dependence for solid Ni plasma. 525 

The average ion energy and peak of the TOF signal of foam Ni plasma were much lower 526 

than that of solid Ni plasma, but the total charge was comparable in spite of the huge 527 

difference in target density. These results supported the more volumetric absorption of 528 

laser energy in case of low-density foam targets due to the larger volume of the foam 529 

plasma below the critical density of the laser beam. The plasma plume images recorded 530 

by an intensified charged coupled device (ICCD) camera illustrated that the plasma 531 

plume of solid Ni plasma was more elongated along the laser irradiating direction 532 

compared with that of foam Ni plasma. The average velocities determined from time-533 

resolved images was slightly smaller than the average velocities derived from FC 534 

signals, which was ascribe to the low-speed vapor and atom emission contained in 535 

plume. The mass ablation rate of solid Ni was higher than that of foam Ni, but the 536 

difference between them decreased with the increase of the laser energy, which 537 

indicated that the plasma shielding effect was more intense for solid Ni. The kinetic 538 

energy of ions produced from the foam Ni target was much lower than that of the solid 539 
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Ni target. This is very important in terms of the lifetime of the optical collecting system, 540 

e.g., in nanolithography devices. Lower energy ions of the foam targets will cause much 541 

less damage than the energetic ions of the solid targets, therefore much longer lifetime. 542 
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Figures

Figure 1

The schematic of the experimental setup in CMUXE and the pictures of solid and foam Ni under SEM. BC,
biasing circuit; FC, Faraday cup; MS, microscope slide, TMP, turbomolecular pump; PC, polarizing cube;
WP, half waveplate; ICCD, intensi�ed charged coupled device.



Figure 2

Typical ion time-of-�ight (TOF) signal obtained from the Faraday cup ion collector for various laser
energies for (a) Foam Ni and (b) Solid Ni. The Shifted Maxwell Boltzmann distribution was used to �t the
thermal peaks. The inset shows the ion kinetic energy distribution converted from the TOF signal.



Figure 3

Effect of the laser energy on (a) average ion energy, (b) peak of the TOF signal and (c) total charge. The
error bars represented the standard deviation derived from the data of �ve experiments.



Figure 4

Typical ion TOF signal obtained from Faraday cup ion collector for various angular (a) Foam Ni and (b)
Solid Ni. The 0° means that the FC and the laser spot were on the same horizontal plane. The Shifted
Maxwell Boltzmann distribution was used to �t the thermal peaks. The inset shows the ion kinetic energy
distribution converted from the TOF signal.



Figure 5

Angular dependence of (a) average ion energy, (b) peak of the TOF signal and (c) total charge. The error
bars represented the standard deviation derived from the data of �ve experiments. The solid curves in
each plot represent the cos^n θ �tting to the various data sets.



Figure 6

Time sequence of the two-dimensional ICCD images showing the spatial-temporal evolution of the
plasma plume for foam and solid Ni. The laser irradiated on the targets along the z direction and its
energy was 100 mJ. The black star (*) in each image represents the emission center determined by the
1st-order moment of the emission intensity. The red ellipse in each image represents the plasma plume



edge determined by the 2nd-order moment of the emission intensity. Each image at particular time is
normalized to maximum intensity with respect to solid Ni images.

Figure 7

(a) Temporal variation of the plume position in z direction obtained from ICCD images. The ‘edge’ (, )
represents the position of �tting ellipse edge. The ‘center’ (, ) represents the position of the �tting ellipse



center. The solid lines correspond to the linear �t. (b)Temporal variation of the eccentricity of the �tting
ellipse. The error bars represented the standard deviation derived from the data of �ve experiments.

Figure 8

Trend of mass ablation rate for foam and solid Ni targets at various laser energies. The error bars
represented the standard deviation derived from the data of �ve experiments.


