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ABSTRACT 
 

 

 

A time-resolving Langmuir probe has been used to study the plasma plumes produced by ablation of silver with 200 

femtosecond laser pulses at fluences of 1–12 J cm
-2

 at a central wavelength of 775 nm. Initial results have shown that 

surface contamination, and subsequent recontamination, can significantly influence the time of flight (TOF) signals 

obtained using the Langmuir probes. Surface conditioning techniques have been developed to overcome these 

influences. The TOF signals have been used to establish that the threshold fluence for the laser produced plasma in 

silver, under the present operating conditions, occurs at 1.04 J cm
-2

. The angular dependence of the magnitude of the ion 

yields and energies, at the time when the ion flux is maximized, agree with the predictions of Anisimov’s self-similar 

isentropic model of the plasma expansion.  

 

Keywords: Laser ablation, femtosecond  pulsed laser,  laser induced plasma,  Langmuir ion probe, time-of-flight  

metals. 

1. INTRODUCTION 

 

Ultrashort laser materials processing continues to receive a lot of attention mainly due to the major differences between 

the laser material interaction when processing with nanosecond and femtosecond laser pulses
1
. Ultrashort laser pulses 

offer the advantages of minimal thermal damage to the target. The formation of plasma plumes occurs after the 

termination of the laser pulse and this prevents any plasma shielding effects.
1
 Extensive studies of ultrashort laser 

ablation of metals below the threshold for plasma formation have been carried out and various laser material-interaction 

mechanisms have been proposed.
2,3

 However, less attention has been paid to ultrashort laser ablation of metals above 

the threshold for plasma formation, especially with regard to the ionic component of the ablation plumes.  

 

Langmuir ion probes have been used extensively to investigate the plasma parameters of nanosecond laser produced 

ablation plumes from metal targets.
4-6

 More recently they have also been applied to ultrafast laser produced plasmas.
7,8

  

Such Langmuir probes enable the ionic component of the ablation plume to be studied relatively easily. However, they 

provide no information on the neutral components of the ablation plume, the study of which requires more complicated 

methods, such as mass spectrometry.  

 

Metal samples are normally covered with a thin layer of surface impurities. These surface layers consist of light atoms 

of hydrogen, carbon and oxygen.
9
 In Langmuir probe TOF experiments of heavy atomic targets the impurities appear as 

separate fast peaks before the true signal from the metal target. These impurities are removed by the first few laser 

pulses but it will be shown in this work that the surface becomes recontaminated after a number of seconds. It has been 

shown elsewhere that this recontamination is due to the impurities themselves and not the residual gas in the vacuum 

chamber.
9
 

 

The behaviour of expanding laser produced plasma plumes has previously been explained using the self-similar, 

adiabatic model of plume expansion developed by Anisimov et al.
10,11

  Strictly, this model applies to the expansion of a 



neutral gas but it has been shown previously
4
 that, with the correct choice of parameters, the model can be used to 

describe the dynamics of a laser ablation plasma.  

 

2.0 EXPERIMENTAL 

 

The ablation was performed using linearly polarized pulses of 200 fs duration from a commercially available Ti-

sapphire laser (Clark MXR, CPA2001) at a central wavelength of 775 nm. A repetition rate of 10 Hz was used for all 

experiments. The experimental set-up used to control important parameters such as the beam energy, number of incident 

laser shots, etc., is described in detail in earlier work.
12

 The laser pulses were focused with a 250 mm lens and were 

directed at normal incidence onto a silver target in a vacuum of 10
-6

 torr. The laser spot on the target had an area 2*10
-5

 

cm
2
 and was slightly elliptical (b/a = 1.4) with the minor axis, a, in the same plane as the diagram in Fig. 1. It has been 

shown previously that the ablation plume is marginally wider in the direction of the minor spot axis.
10,11

 The values of 

the laser fluence were varied between 1 and 12 J cm
-2

, corresponding to laser intensities in the range of 6 - 60 TW cm
-2

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. The Langmuir probe experimental arrangement. 
 

One Langmuir probe, positioned at distances between 2 cm and 5.4 cm from the target, was used in these experiments. 

The probe was orientated to face the irradiated spot on the target, i.e. perpendicular to the plasma propagation. The 

angular position of the probe could be varied in the plane of the diagram by adjusting a rotational feed-through axis, 

whilst the radial probe distance and probe-target orientation were kept fixed, see Fig. 1. All angles were measured 

relative to the target normal. The probe is the tip of a tin-soldered copper wire with a projected area of 0.011 cm
2
 at the 

end of an insulated cable. During the experiments the probe is biased at –25 V and the collected ion current is 

determined by the voltage signal recorded across a load resistor on a digital oscilloscope. A fast photodiode is used to 

trigger the oscilloscope at the instant the laser irradiates the target. While a measurement is being made the silver target 

and the vacuum chamber are grounded. 

 

3.0 RESULTS & DISCUSSION 
 

Surface Contamination Effects 
 

Initial experiments using the Langmuir probes dealt with the issue of surface impurities and their effect on the TOF 

signals. Experimental results show that, by taking a single acquisition signal from an untreated area on the target surface 

the TOF signal showed two distinct peaks. The first peak is fast and is due to the surface impurities,
9
 the second peak is 

slower and is associated with the actual target ions. The signals shown in Fig.2 illustrate this observation. The 

contaminant peak is prominent for the 1
st
 laser shot on an untreated area of the target surface. It is less dominant when 

an average is taken of the signals from the first twenty laser shots on an untreated area of the target surface. In this case 

the signal for the target Ag ions dominate as can be seen in Fig. 2. 
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Fig. 2.  Ion current signals collected at the langmuir probe following femtosecond laser irradiation of a silver target. The single shot 

signal shows a prominent fast peak due to surface impurities. Averaging over 20 acquisitions results in a less prominent fast 

peak and the signal due to the target ions dominates. The probe target distance was 2.5 cm and the bias voltage was –25 V. 

 

Fig. 2 shows that the effect of the surface impurities on the TOF signal is less pronounced after a certain number of laser 

pulses. This is the result of surface cleaning by the initial laser pulses. To investigate this further, individual signals 

were generated from successive pulses at the same spot on the target surface. Signals were generated in this way for the 

1
st
 to the 20

th
 shot and the results obtained are illustrated in Fig.3. They show that by the 17

th
 pulse the surface was 

cleaned of impurities as the fast contaminant peak is completely absent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.  Ion current signals collected at the langmuir probe following femtosecond laser irradiation of a silver target. The effect of 

surface cleaning is clearly evident as the contamination peak reduces from the 1st to the 3rd shot and is completely absent 

for the 17th shot. The probe target distance was 2.0 cm and the bias voltage was –25 V. 

 

The results presented in Fig.3 indicate how many laser pulses are required to clean the surface of the silver target of 

impurities. However, they do not provide any information on the dynamics of the recontamination of the previously 

cleaned surfaces. Experiments have shown that the target surface becomes recontaminated after a certain amount of 

time. Signals acquired from previously cleaned areas of the target surface showed clear evidence of impurity ions in the 
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form of the fast peaks mentioned previously.  The amount of time between cleaning and acquisition shots was varied 

and the results are presented in Fig. 4. 

 

 

 
Fig. 4.  Ion current signals collected at the langmuir probe following femtosecond laser irradiation of a silver target. The target was 

first irradiated with 100 laser shots. The laser was then turned off, and after a set delay a signal was acquired using a single 

laser shot. Note the reduction of the contamination peak as the delay is reduced. The sharp peaks at t = 0 are due to the 

photoelectric effect of the laser light on the probe. The probe target distance was 2.5 cm and the bias voltage was –25 V. 

 

The results presented in Fig.4 show that after cleaning the target surface of impurities, recontamination occurs in a 

matter of seconds. Even with just one second between the cleaning and the acquisition shots we can see evidence of the 

surface becoming recontaminated. It is not clear why the main ion peak shifts towards longer times as the delay is 

reduced. These results show that to overcome the influence of surface contamination, and subsequent recontamination, 

the surface must be irradiated with a number of cleaning laser shots. Signals should then be acquired directly after 

cleaning to avoid any effects due to surface recontamination. For the TOF signals generated for the remainder this work 

the target was first irradiated with 50 cleaning laser shots and the signals were acquired by averaging over the next 16 

shots. The number of cleaning shots used was increased to 50 (as opposed to 17) because it was found that the 

amplitude of the current signals reached a saturation value after the target had been irradiated with about 40 laser pulses. 

 

Laser Induced Plasma Threshold Determination 

 

In order to determine the threshold fluence for the onset of the laser produced plasma, TOF signals were obtained for a 

range of fluence values and the results are presented in Fig. 5. It is clear from Fig.5 that there is a reduction in the 

amplitude of the ion signals, and thus the amount of ions being removed, as the laser fluence is reduced. The total 

amount of charge per pulse, F, collected at the probe can be found by integrating over the ion current signals. (This 

quantity also represents the number of ions arriving at the probe perpendicular to the plasma flow direction, provided all 

of the ions are singly charged). A total of ten TOF ion current signals (each of which was an average of 16 signals) were 

generated for each value of laser fluence. In this way, average and statistical error values for F were obtained. Fig. 6 

shows a plot of these F values versus laser fluence. The behaviour of the data suggests that a linear relationship exists 

between the total charge removed per pulse, F, and the laser fluence, φ. By extrapolation to F = 0, it is possible to 

determine that the threshold fluence for the onset of the laser produced plasma occurs at φ = 1.04 J cm
-2

. Elsewhere
8
 it 

has been reported that for gold a logarithmic relationship exists between the ion yield and the laser fluence, but the best 

fit to our data was for a linear relationship. 
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Fig. 5.  Ion current signals collected at the langmuir probe following femtosecond laser irradiation of a silver target at the fluence 

values shown. The probe target distance was 5.4 cm and the bias voltage was –25 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 6.  The total amount of charge per pulse, F, collected at the probe versus the applied laser fluence, φ. Each data point has been 

obtained by integrating a TOF distribution, as shown in Fig. 5. By extrapolation to F = 0 the threshold fluence for the onset 

of the laser produced plasma is found to be at φ = 1.04 J cm
-2

. Also plotted is the ablation rate of silver in terms of the depth 

removed per pulse. Note that the threshold for plasma formation coincides with the increase in the ablation rate. 

 

Also shown in Fig. 6 is the ablation rate of silver in terms of the depth removed per pulse. In earlier work,
12

 we have 

shown that there are two distinct ablation regimes in ultrafast laser processing of metals. The ablation rate is 

proportional to the logarithm of the applied fluence and there is a sharp rise in the rate at a given fluence value which 

has been explained in terms of the two temperature model.
13

 It should be noted that the first ablation regime (low 

fluence) does not occur for nanosecond laser pulses.  Interestingly, we have found that the threshold for the onset of the 

laser produced plasma occurs at roughly the same value of laser fluence where the transition between the two ablation 

                                        

                                        

                                        

                                        

                                        

                                        

0 5 10 15 20

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

I 
[ µµ µµ

A
]

Time [µµµµs]

 7.5 J cm
-2

 3.5 J cm
-2

 2.5 J cm
-2

 1.5 J cm
-2
 x 2

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 1 2 3 4

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

T
o

ta
l 
c
h

a
rg

e
 p

e
r 

p
u

ls
e
, 
F

 [
C

 x
 1

0
-1

1
]

Laser Fluence, φφφφ [J cm
-2
]

 Total charge per pulse, F 

0

100

200

300

400

500

600

700

800

 A
b

la
ti

o
n

 r
a
te

 [
n

m
/p

u
ls

e
]

 Ablation rate - low fluence

 Ablation rate - high fluence



regimes occurs (φ = 1.24 J cm
-2

). A similar trend was observed for stainless steel. This might suggest that the low 

fluence regime in femtosecond laser ablation of metals occurs without significant plasma formation. Various material 

removal mechanisms have been proposed for femtosecond laser ablation below the threshold for plasma formation,
3
 

which may account for the ablation phenomena in the low fluence regime. 

 

Inspection of the TOF signals presented in Fig.5 can reveal information on the ion velocities. Elsewhere
7,8

 it has been 

reported that two distinct peaks have been observed during TOF investigations of femtosecond laser ablation of metals. 

These peaks are said to correspond to fast and slow ions produced by femtosecond laser ablation. This has not been 

observed in this work, perhaps because of insufficient distance between the probe and the target. The time value at the 

onset of the signal, tonset, can be used to calculate the velocities of the fastest components at the leading edge of the 

plasma plume. In the same way, the peak flight time, tm, can be used to calculate the velocities of the ions at the peak 

signal, or the mean velocity. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 7.  The ionic velocities calculated for different velocity distributions in the TOF signals plotted against the laser fluence.  The 

solid lines represent fits to a power law dependence. The components which arrived at the time corresponding to 10% of 

the peak ion signal comprise roughly 1% of total ion yield. 
 

Elsewhere,
15

 it has been reported that the ion velocity is proportional to the square root of the applied fluence (v ∝ φ
0.5

). 

This analysis was based on the assumption that a proportion of the laser energy deposited into the material was 

converted into the kinetic energy of the ions and hence the square root dependence. Our results show a power law 

dependence but the exponent is always less than 0.5 (0.34 for the onset velocities and 0.12 for the velocity of the ions at 

the peak signal). Fig. 7 shows that the mean velocities range between 6-10 km/s, with a weak dependence on the applied 

laser fluence. These velocities correspond to ion energies in the range of 30-60 eV. However, the velocities of the 

fastest components in the plasma range between 20-45 km/s with corresponding ion energies in the range of 0.25 -1.0 

keV. Thus, we can conclude that the ion velocity increases with laser fluence, but the rate of increase is much more 

pronounced for the faster plume components. 
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Angular Variation of ion density and energy 

 
In order to investigate the angular variation of the ion yield and energy, TOF signals were obtained for a range of 

angular values at a fixed fluence value of φ = 5 J cm
-2

 and at a radial distance of 5.4 cm. Fig. 8 shows the variation of 

the ion TOF signals for the angular values shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Fig. 8.  Angular variation of the ion signals at 5 J cm-2. The probe target distance was 5.4 cm and the bias voltage was –25 V. 

 

Fig. 8 shows that both the signal amplitudes and the ion velocities are strongly peaked towards the target normal. This 

behaviour is consistent with the plasma expansion model of Anisimov et al.
10,11

 The model does not deal with the 

processes leading to the formation of the plasma. It describes its expansion from an initial condition at the end of the 

laser pulse where the plasma exists as a thin ellipsoidal layer on the target surface, with maximum dimensions 2X0, 2Y0 

and Z0. X0 and Y0 are the semi-major and semi-minor radii of the initial plume and Z0 is the initial plume thickness 

perpendicular to the target. In the model the plume expands such that temperature, density and entropy are constant on 

ellipsoidal surfaces. According to the model the plasma volume grows as t
3
, once the initial acceleration is complete. 

This occurs when the plasma has expanded a few mm along the target normal.
4
 The ion current onto a probe is given by  

 

 I = niAv, (1) 

 

Where ni is the number of ions per unit volume or the ion density, A is the probe area and v = R / t is the ion velocity, 

where R is the radial coordinate of the probe. Thus the model predicts that, as the angle of detection is varied, the 

maximum value of the ion current will vary as 1/
4

mt ,where tm is the TOF at the maximum ion signal. Fig. 9 shows the 

angular variation of the measured values for the maximum ion current. Using the measured values of tm, from Fig. 8, the 

1/
4

mt scaling suggested by the Anisimov model is calculated and included in the plot. The close agreement of the two 

plots show that the ion signals in Fig. 8 do approximately follow the 1/
4

mt  scaling, thus good temporal agreement is 

displayed between the model and the experimental results for femtosecond laser produced plasma expansion. 
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Fig. 9.  Angular variation of the measured values of the amplitude of the maximum ion flux at 5 J cm-2. The maximum ion flux is 

compared to the data generated by the 1/
4

mt scaling suggested by the Anisimov model. The two curves have been 

normalised at 10°. 

 

According to the expansion model the angular distribution of ions in the plume at expansion times on the order of 

microseconds is given by
10,11 
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where Zinf/Xinf is the ratio of the limiting value of the cloud front along the Z-axis (directed along the target normal) and 

the value of the front along the X-axis (parallel to the target surface) .This quantity is known as the expansion ratio and 

it is a measure of the forward peaking of the plasma plume. By integrating the TOF signals in Fig. 8 the angular 

distribution of ions in the plume was determined. For practical reasons, as described in ref. 6, a Gaussian fit has been 

used to determine the value of F(0), i.e. the ion yield along the target normal. All measured values have been normalised 

according to this value and the results are plotted in Fig.10. Fitting equation 2 to the data leads to a value for the 

expansion ratio of, Zinf/Xinf = 2.2 ± 0.1 (the uncertainty in the value arises from the degree of uncertainty associated with 

the fitting procedure). This is very close to the value measured by T. N. Hansen et al
4
 for ns laser ablation of silver at 

355 nm. The close agreement between the measured data and the equation show that the expansion of the femtosecond 

laser produced plasma, in terms of the spatial distribution of the ions, is well described by the Anisimov model. 
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Fig. 10.  Angular variation of the normalised ion yield at 5 J cm-2. Each data point has been obtained by integrating a TOF 

distribution, as shown in Fig. 8. The line is a fit of equation (2) from Anisimov’s model, where a Gaussian fit was initially 

used to estimate the ion yield at 0°. 

 

 

4.0 CONCLUSIONS 
 

We have used a Langmuir probe to study the plasma plumes produced by ablation of silver with 200 femtosecond laser 

pulses at fluences of 1–12 J cm
-2

 at a central wavelength of 775 nm. The effects of surface contamination on the TOF 

signals have been demonstrated. We have shown that the surface impurities are removed by initial laser pulses, but that 

after a certain amount of time the surface becomes recontaminated. The Langmuir probe has been used to establish that 

the threshold fluence for the onset of the laser produced plasma in silver, under the present operating conditions, occurs 

at 1.04 J cm
-2

. This value corresponds to the transition region between the low and high fluence regimes in the ablation 

rate of silver, which has been measured here (~ 1.24 J cm
-2

), and is described by the two-temperature model.
13

 This 

result suggests that the low fluence regime in the femtosecond laser ablation of metals proceeds without significant 

plasma formation. The TOF signals have been used to study the dependence of the ion velocities on the applied laser 

fluence. The fastest plume components have velocities in the range of 20 – 45 km/s depending on the applied laser 

fluence, with corresponding energies in the range of 0.25-1.0 keV. The majority of ions in the plume travel with 

velocities between 6-10 km/s depending on the applied laser fluence. These velocities correspond to ion energies in the 

range of 30-60 eV. The dependence of the ion velocity and energy on the applied fluence is stronger for the fastest 

plume components. The temporal and angular dependence of the magnitude of the ion yields, at a fixed fluence value of 

5 J cm
-2

 and at the time when the ion flux is maximized, agree with the predictions of Anisimov’s self-similar isentropic 

model of the plasma expansion. The measured expansion coefficient, Zinf/Xinf, of 2.2 is in good agreement with the 

value measured by T. N. Hansen et al
4
 for ns laser ablation of silver at 355 nm. 
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