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Dynamic characteristics of multi-charged ions emitted from 
nanosecond laser produced molybdenum plasmas
Ding Wua,b, Xianglei Maob, George C.-Y. Chanb, Richard E. Russob, Vassilia Zorbab,c*1, Hongbin Dinga*2 

Diagnostics of plasma-wall interaction processes provide important information for nuclear fusion devices. Elucidation of 
the charge state distribution and temporal evolution of the multi-charged ions is essential to improve laser ablation-based 
diagnostics of the plasma-wall interaction processes. Molybdenum is a material of interest in fusion and has been used as 
the plasma-facing material of the first wall in the EAST tokamak. In this work, the dynamic characteristics of multi-charged 
ions emitted from a molybdenum plasma produced by a Q-switched Nd:YAG nanosecond laser (wavelength 1064 nm, pulse 
width 7 ns) were studied using time of flight mass spectroscopy under a pressure of 6×10-4 Pa. The charge state distribution 
and temporal evolution of the multi-charged ions at various laser power densities from 0.85 GW/cm2 to 7.9 GW/cm2 were 
systematically investigated. This power density range is commensurate to that used in LIBS and LIAS diagnostics of the 
plasma-wall interaction process in EAST tokamaks.The ion charge state was found to increase with laser power density and 
the observed maximum charge state was up to seven at the highest laser power density used in these experiments. The 
higher charged ions had greater velocities indicating that separation took place between the different charged ions during 
the plasma expansion process. The origin of multi-charged ions is attributed to step-wise ionization due to plasma shielding 
from strong laser absorption in the plasma and the reduction of the ablation rate with increase in laser power density. The 
velocities between these multi-charged ions were related to the acceleration of the transient plasma sheath during the laser 
interaction with the target and plasma.

1. Introduction
Laser ablation and plasma formation with subsequent particle and 

optical emission have been explored in many applications such as 
pulsed laser deposition (PLD) 1, laser ion sources 2, laser ignition 3, 
laser propulsion 4, laser inertial fusion 5, and extreme ultraviolet (EUV) 
lithography 6, 7. Laser ablation-based spectroscopic techniques like 
laser-induced breakdown spectroscopy (LIBS) 8, laser ablation 
molecular isotopic spectrometry (LAMIS) 9-11, laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) 12, 13 also 
have been developed for many chemical analysis applications. 
Although there is a large number of applications, a fundamental 
understanding of laser ablation mechanisms remains unknown. 
Laser ablation is a dynamic non-linear process that includes laser 
absorption by the target, thermodynamics (heating, phase 
transitions, cooling), plasma physics (collisions, nonlinear 
interactions), laser-plasma interaction, and gas dynamics (plasma 
expansion into vacuum or background gas) 8, 14-17. The fundamental 
processes of laser ablation are important to understand for further 
improvement of many of these applications.
   Multiply charged ions have not received much attention for 

chemical analysis applications (e.g., LIBS) because a reduced-
pressure environment is required for their observation 18-24. Many 
emission lines from multiply charged ions are in the vacuum 
ultraviolet (VUV) region which would require the use of specialized 
spectrometers. Also, multiply charged ions appear only during the 
very early phase of plasma expansion immediately following the laser 
pulse in which strong continuum emission is present. As such, 
multiply charged ions under atmospheric pressure in LIBS 
applications are not measured. LIBS has been applied under vacuum 
conditions for remote, in-situ, online monitoring of the plasma wall 
interaction (PWI) process such as erosion/deposition processes and 
retention of plasma fuel on the first walls of the Experimental 
Advanced Superconducting Tokamak (EAST) 25, 26, and also for 
analysis of the limiter tiles in the Wendelstein 7-X stellarator (W 7-
X)27. Another laser-based technique named laser-induced ablation 
spectroscopy (LIAS) is also an important application for in-situ 
characterization of the first wall of nuclear fusion devices, which is 
based on the reaction between laser-induced plasma and ambient 
deuterium plasma28-31. As the Tokamak is operated in vacuum 
condition, understanding behaviors of multiply charged ions in laser 
induced plasma under vacuum can provide the necessary 
background information for evaluation on the use the emission lines 
from multiply charged ions for chemical analysis under vacuum 
environment. Further, through ion-electron recombination, a 
multiply charged ion is a source for the more commonly probed 
singly charge ion and neutral atom. Therefore, understanding the 
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dynamics of multiply charged ions in laser induced plasma helps to 
better comprehend spectral and plasma information in vacuum 
condition.

Quantitative analysis using LIBS in the vacuum tokamak is 
challenging. Considering the rapid variation of the surface 
composition of the walls and harsh condition during the tokamak 
running period, calibration-free (CF) or CF-based methods would be 
more suitable for chemical analysis than using calibration standards. 
CF-based methods applied in air have been reported in many studies 
32-37 and quantitative results are quite attractive. In vacuum, CF and 
CF-based methods also have been used in the analysis of hydrogen, 
deuterium, carbon, aluminum, tungsten etc. on the International 
Thermonuclear Experimental Reactor (ITER)-like plasma-facing 
materials (PFMs) in labs 34, 38-40. Quantitative results should be 
reconsidered due to two important factors that were ignored 
including mass separation and multi-charged ions. In vacuum the 
mass effect of high and low Z elements leading to the space 
separation in laser produced plasma was confirmed 41, 42, which 
means that the relative concentration of different elements are 
inhomogeneous in the plasma. Therefore, LIBS quantitative analysis 
at a single location in the plasma may not be representative of the 
chemical composition of the sample. Moreover, the existence of 
multi-charged ions in the laser produced plasma also should be 
considered as their concentrations are quite abundant 21-23, 43. The 

existence of multi-charged ions in laser produced plasma previously 
were not considered in CF and CF-based methods in vacuum, 
probably because the optical emission for multi-charged ions in the 
UV/EUV range 44 was beyond the operation range of the 
spectrograph. Multi-charged ions in the laser produced plasma in low 
pressure should be considered to develop better CF models and for 
accurate quantitative analysis of LIBS. Hence, the experimental 
measurements of the multi-charged ions during plasma expansion 
are needed to improve the CF models for better utilizing LIBS 
technique for the diagnosis of PWI process in vacuum tokamaks. 
Moreover, the investigation of evaporation, plume expansion, and 
particle emission processes also benefit better understanding of wall 
erosion and impurity transport under extreme conditions like plasma 
disruptions in tokamak.
We studied the dynamics of multi-charged ions emitted from a 
molybdenum plasma produced by ns-laser ablation using time of 
flight mass spectroscopy. A molybdenum (Mo) target was used as it 
is the main PFM of the first wall in the EAST tokamak due to 
properties such as high melting point, high thermal conductivity, low 
erosion rate, and low tritium retention45. The charge state 
distribution and temporal evolution of multi-charged Mo ions at 
various laser power densities were systematically investigated. The 
velocity distribution at various energy power densities also was 
measured.

2. Experimental set-up

Orthogonal-acceleration time-of-flight mass spectrometry was 
used to measure the ions generated in the laser produced plasma 
during ablation under vacuum (Fig.1). The fundamental properties of 
time-of-flight mass spectrometry and a detailed description of this 
setup can be found in Refs 46 and 47, respectively. A Q-switched 
Nd:YAG laser operating at its fundamental wavelength of 1064 nm 
was used to generate laser pulses with a 7 ns duration. The laser 
beam was focused through a plano-convex fused silica lens onto the 
molybdenum target (10 mm in diameter, 2 mm in thickness, >99.95% 
purity) placed between two repeller plates. The gap between the 
repellers is 1.5 cm. A high-speed photodiode (Thorlabs, DET10A) was 
used to monitor the laser pulses, and laser pulse energy was about 
42 mJ focused onto the target. The pressure of the chamber was 
6×10−4 Pa. Ions produced from laser ablation were accelerated by an 
extraction field (pulsed electric field) on the two repeller plates which 
was controlled by two high voltage MOSFET push-pull switches 

(Behlke, HTS 31-GSM). A 1.5 mm diameter hole in the one of the 
repeller plates allowed ions to be extracted 2.0 cm away from the 
sample surface. The distance from the ablation location to the 
negative repeller is about 1 cm. Hence, the ion collection is at about 
26 degrees with respect to the target normal. It has been well-
documented that the ion emission from a laser-produced plasma is 
having an angular distribution where higher charge states provide 
narrower distribution48, 49. And the ion collection angle highly 
influences the signal intensity, especially for the relative ratio which 
has not been considered in present work. After extraction, the ions 
drifted through the field free region and were reflected by a 
reflectron towards a micro-channel plate detector. A digital delay 
generator (Stanford Research Systems, DG645) was used to control 
the laser Q-switch and to trigger the high-voltage switches of the 
repellers. An oscilloscope (Tektronix, DPO3054) recorded the signal 
at the microchannel plate after the trigger. 
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Fig.1 Schematic illustration of laser ablation in time of flight mass spectrometer 

The timing diagram is shown in Fig.2. t0 is the time of the laser 
pulse generation, td is the delay time relative to the laser pulse t0, tw 
is the time width of applied voltage on the repellers and ttri is the 
time to trigger the oscilloscope to record the signals. By adjusting the 
delay time td relative to the laser pulse t0, the temporal evolution of 
the plume could be investigated. The delay time range was td = 0.0-
15.0 µs and the pulse voltage-width was fixed to tw = 0.3 µs. The 

response time (from the trigger signal to the real switch time) of the 
two push-pull switches was measured and calibrated before the 
experiment to ensure accuracy of the delay time td. The measured 
response times of the negative and positive switches were about 170 
ns and 140ns, respectively. 

Fig.2 Timing sequence diagram of the laser and applied pulsed voltage, td = 0.0-15.0 µs, tw = 0.3 µs

The power supply parameters are shown in Table 1. The laser ablation crater diameter was measured to be approximately 0.31 mm by an 
optical microscope as shown in Fig.3(a). Fig.3 (b) shows the cross-section depth profile which was measured using a White Light 
Interferometer. The maximum laser power density was estimated as 7.9 GW/cm2. Neutral density filters (Thorlabs, absorptive ND series) 
were used to change the laser power density from 0.85 GW/cm2 to 7.9 GW/cm2. For each experiment, the first 30 shots were used to clean 
the Mo surface. Thereafter, mass spectra were collected by a single laser shot and the experiments were repeated five times to calculate the 
experimental error.

Table.1 Power supply parameters applied in TOF setup

Item Voltage (V)
POS +2913
NEG 0
Liner -1500
XY1 -268
XY2 -10
R1 -1500
R2 4500

FOC -9
MCP -1400

Fig.3 Photograph of the crater (a) and depth profile (b) after laser ablation in the Mo target with 100 laser shots, laser 
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power density 7.9 GW/cm2.

3. Results and discussion

3.1 Time-resolved mass spectroscopy of multi-charged ions 
distribution

Figure 4 shows the time of flight response of Mo ions at various 
delay times with a gate width tw of 0.3 µs, and laser power density of 
7.9 GW/cm2. Multi-charged molybdenum ions were observed and 
the maximum charge state was up to seven. No ions were observed 
at 0.10 µs due to the time needed for the ions to expand through the 
extraction hole at the vertical distance of 2.0 cm from the target 
surface. At delay times of 0.20 µs and longer, highly charged ions 
(Mo4+, Mo5+, Mo6+, Mo7+) were predominant and lower ionized Mo 
ions gradually appeared. The number of higher charged ions 
decreased with time.  It has been proposed that the multi-charged 
ions are likely produced by step-wise ionization during nanosecond-
pulsed laser ablation 21, 50. During the nanosecond laser beam 
interaction with the solid target, the leading edge (time) of the laser 
pulse heats, melts and vaporizes material forming an initial vapor 
layer above the target surface. The vapor continues to absorb and be 
ionized by the later part of the ns-laser pulse energy mainly via 
inverse bremsstrahlung (IB) collisions leading to the plasma 
formation 8, 51. If the laser irradiance is high enough, the plasma 
becomes opaque to the laser radiation before the pulse ending as 
the electron density increase to a critical value; plasma shielding 
occurs and absorbs part of the laser energy 52. With the increase of 
the absorption of the laser energy during the laser pulse, the atoms 
and ions in the plasma can be excited and ionized further by the 
electrons with enough energy via IB mechanism leading to multi-
charged ion generation. Plasma shielding effects were investigated 
and are discussed in the latter part of this manuscript.
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Fig.4 The distribution of Mon+ ions at different delay times with 
laser power density of 7.9 GW/cm2.

3.2 Charge state distribution and temporal evolution of Mo ions at 
different laser power densities

The charge state distribution of the molybdenum ions as a 
function of the laser power density was investigated (Figure 5). For 
all mass spectra with the exception of that recorded at laser power 
density of 0.85 GW/cm2, the time integration was from 0.1 μs to 2.0 
μs. At laser power density of 0.85 GW/cm2, which is slightly higher 
than the ablation threshold of the molybdenum target, the plasma 
plume consists of only a few Mo+ ions. At laser power density of 1.2 
GW/cm2, Mo2+ became predominant as compared to Mo+. As the 
laser power density was increased, higher charged-state ions 
become dominant. 

To further elucidate the molybdenum plasma evolution, the 
temporal behavior of molybdenum ions at these different laser 
power densities was investigated. The time-resolved TOF-mass 
spectra of multi-charged ions at different laser power densities were 
plotted in the false color contour plots shown in Fig.6. For example, 
the first image shown in Fig.6 corresponds to the specific data 
presented in Fig.4. The numbers “1+” to “7+” represent the different 
Mo ion charged states. 

As shown in Fig.6, the appearance time (delay time with respect to 
the laser) of different charged ions were quite different. The 
observed ion charge state was found to increase with laser power 
density and the maximum charge state was up to seven at the 
highest laser power density of 7.9 GW/cm2. The highest measurable 
charge state declined with laser power density to a maximum of six 
at 4.1 GW/cm2, five at 2.3 GW/cm2, four at 1.9 GW/cm2, three at 1.2 
GW/cm2 and only one at 0.85 GW/cm2. The appearance time of the 
centroid of each charge state monotonically increased with reducing 
charge (cf. delay time in Figure 6).

Fig.5 Time-intergrated mass spectra of multi-charged ions at various laser 
power densities. The integrated time is from 0.1 μs to 2.0 μs for all the mass 
spectra except the mass spectra at the laser power density of 0.85 W/cm2. 
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The last mass spectrum (bottom right) represents time intergration from 0.1 μs to 5 μs.

0.1

1

10

7+

6+5+
4+

2+
3+

1+

7.9 GW/cm2

D
e
l
a
y
 
t
i
m
e
 
(

s
)

0.1

1

10 4.1 GW/cm2

D
e
l
a
y
 
t
i
m
e
 
(

s
)

6+5+
4+

3+
2+

1+

6 9 12 15 18 21 24

0.1

1

10

5+ 4+ 3+ 2+

1+

2.3 GW/cm2

Time of flight (s)

D
e
l
a
y
 
t
i
m
e
 
(

s
)

0.1

1

10

4+ 3+
2+ 1+

1.9 GW/cm2

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.1

1

10

3+ 2+
1+

1.2 GW/cm2

6 9 12 15 18 21 24

0.1

1

10

1+

0.85 GW/cm2

Time of flight (s)

 
Fig.6 Charge state distribution and temporal evolution of Mo ions at different laser power densities. Numbers from 

“1+” to “7+” represent the Mo ions of the different charged states.

For example, the temporal evolution of the Mon+ ion intensity at 
laser power density of 7.9 GW/cm2 is shown in Fig.7(a). Higher 
charged ions rose to their peak intensities earlier than the lower 
charged ions, which shows that separation occurred between these 
different charged ions during the plasma expansion process. The 
higher charged ions were found only in the leading edge of the 
expanding plasma, which means that they travelled with higher 
velocities. This observation is consistent with previous work on laser 
produced W and Ta plasmas 43, 53. In previous work 54-56, the spatial 
distribution of multi-charged ions of Cn+, Sin+, Snn+ in the laser 
produced plasma was predicted by computer modeling and 
simulation. From these modeling results in vacuum, higher multi-
charged ions was projected to occupy the inner region whereas the 
lower charged ions and atoms were more concentrated towards the 
periphery of the laser produced plasma. The predicted results from 
modeling are opposite from the present experimental findings. This 
discrepancy could be a result that space charge separation which was 

not considered in the theoretical models. In the presence of ambient 
gas, the existence of higher multi-charged ions distributed in the 
inner region may be true as the collision between the plume-ambient 
species in the periphery leads to recombination. Moreover, the 
space charge effect may not be not obvious because of the ambient 
gas confinement.  The duration of the singly charged ions lasts about 
10 µs which does not coincide with results obtained using a Faraday 
cup57-60. The typical duration of the ions is estimated about <3 μs at 
the 2 cm position 60. The lower velocity of singly charged ion 
probably is due to the collision at the electrode repellers which 
confined the lower charged ions, thereby leading to the longer signal 
duration. 

Fig.7 (b) and (c) present the temporal evolution of integrated 
intensities of Mo2+ ions and Mo4+ ions, respectively, at representative 
laser power densities. As the laser power density increased, Mo2+ 

ions and Mo4+ ions attained their peak maximum at earlier delay 
times. In addition, the peak ion intensity of a particular charge state 
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initially increased with laser power density to a maximum (e.g., the 
highest ion intensity for Mo2+ and Mo4+ were found at 1.4 and 4.1 

GW/cm-2, respectively), while a further increase in the laser power 
caused a decline in the intensity of that ion state. 

Fig.7 Time evolution of area integrated intensities for the Mo ions at a laser power density of 7.9 GW/cm2 (a), time 
evolution of mass spectra intensities of Mo2+ ions (b) and Mo4+ ions (c) at several laser power densities.

Fig.8 (a) Peak intensities of the different charged ions versus laser power density, (b) the ablation depth versus laser 
power density. The slope of the line is defined as the ablation rate.

The peak intensities of the different charged ions versus laser 
power density are shown in Fig.8 (a). The peak intensity values are 
obtained from the time evolution of mass spectra intensities for the 
Mon+ ions. From the data shown in Fig.6 and Fig.8 (a), there is a 
threshold laser power density for each charge state; the charge state 
can be controlled by the laser power density. This phenomenon also 
has been reported by Abbasi and Ilyas 21, 50. Furthermore, it is noted 
in Fig.8 (a) that after exceeding the optimal laser power density for a 
particular Mon+ signal, the intensity of Mon+ declined whereas the 
intensity of Mo(n+1) + ions increased. This observation supports the 
hypothesis that during the laser ablation process, the Mo(n+1) + ions 

likely originate from further ionization of the Mon+ ions and multiply 
charged ions appear to be generated through a step-wise ionization 
mechanism. 

As proposed, multiply-charged ion generation is attributed to 
plasma shielding. Hence, the reduction of the ablation rate with laser 
power density increase should occur. Previous studies found that 
plasma shielding occurs at approximately 0.3 GW/cm2 with 30 ns 
pulse duration for laser produced quartz plasma 52. The plasma 
shielding threshold for a 5 ns laser pulse is calculated to be 
approximately 0.5 GW/cm2 for Cu 61. The absolute value is 
dependent on spot size, laser pulse duration, and other parameters. 
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In order to verify the plasma shielding effect, the laser ablation depth 
versus laser power density was measured and is shown in Fig.8 (b). It 
can be seen that plasma shielding occurs at the laser power density 
of ~1.4 GW/cm2 where the slope exhibited a transition. This is the 

laser power density at which multi-charged ions were generated and 
increased sharply. Hence, plasma shielding seems to play a critical 
role in multi-charged ion generation.

3.3 Velocity and kinetic energy of - Mon+ ions as a function of laser power density and charge state

The velocity of charged ions was estimated using the vertical 
distance (2.0 cm) divided by the delay time corresponding to the 
peak intensity shown in Fig.7(a). Figure 9 (a) and (b) give the velocity 
of Mon+ ions as a function of laser power density and charge state, 

respectively. It can be seen that higher charged ions had higher 
velocities. The maximum velocity observed is up to about 8.0×106 

m/s. 

Fig.9 Velocity of Mon+ ions as a fucntion of charge state (a), and laser power density (b). Kinetic energy of Mon+ ions as a 
fucntion of charge state (c), and laser power density (d).

The acceleration mechanism of ions can be interpreted by transient 
dynamic sheath acceleration which has been proposed in recent 
investigations 43 62. As discussed earlier, the laser produced plasma is 
formed primarily by absorbing the ns-laser energy according to 
inverse bremsstrahlung (IB) heating through electron-ion collisions. 
The electron-ion thermal equilibration time (10−10–10−11 s) 11 is much 
shorter than the ns-laser pulse duration. Although local thermal 
equilibrium (LTE) may be valid during the laser interaction process, 
electron velocities are much faster than those of the ions due to their 
mass difference. Hence, the electrons would escape from the target 
surface earlier. As a result, a space charge separation between fast 
electrons and ions is produced near the target surface and electrons 
are confined by a self-electric field at the edge of plasma 63, 64. Some 
fast electrons may escape, which has been observed in previous work 

62, 65, but to maintain electrical neutrality of the plasma as a whole, a 
substantial fraction of electrons remain at the edge and thus create 
an electric field with respect to the positively charged core plasma 
plume, leading to a transient dynamic plasma sheath. The 
persistence time of the transient plasma sheath is comparable to the 
laser pulse duration 62, 66, 67. With the presence of the radial electric 
field in the plasma sheath, the higher charged ions are accelerated at 
higher velocities. 

As shown in Fig.9 (b) and (d), the velocity or corresponding kinetic 
energy (1/2 mv2) for each Mon+ (n>1) ion has a saturation value with 
the laser power density. The rate of energy increase decreases with 
power density. In Fig.9 (b) and (d), the inflection point for Mo+ ion is 
about 1.3 GW/cm2, the laser power density at which plasma shielding 
takes place according to the data in Fig.8(b). Hence, the reduction in 
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the increasing rate of the kinetic energy for the ions could be due to 
plasma shielding and absorption. It is interesting to note that for Mo+ 
ions, the reduction of the energy may be due to more collisions and 

recombination during the expansion process at higher laser power 
densities.

4. Conclusion
The dynamic characteristics of multi-charged ion emission from 

nanosecond laser-induced plasmas on molybdenum targets were 
investigated using time-of-flight mass spectrometry. The charge 
state distribution and temporal evolution of multi-charged ions at 
various laser power densities were systematically studied. The 
generation of the multi-charged ions is attributed to step-wise 
ionization due to plasma shielding during the laser plasma 
interaction. The acceleration mechanisms for the multi-charged ions 
were attributed to a transient dynamic plasma sheath during the 
laser interaction process. Energy saturation with the laser power 

density was observed and the mechanism was discussed. The 
investigation gives an insight into the physical processes of laser 
ablation including plasma shielding, multi-charged ions generation 
and acceleration. Such information is valuable for improvement in 
laser ablation and plasma expansion modeling, which potentially can 
lead to better application of LIBS diagnostic studies of the plasma-
wall interaction process, as well as better understanding of wall 
erosion and impurity transportation under extreme conditions like 
plasma disruptions in tokamaks.
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