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Abstract 
Laser based methods are investigated as in situ diagnostic for plasma facing materials 
(PFMs) in magnetic fusion research to study PFM composition and retention. 
In Laser Induced Ablation Spectroscopy (LIAS) the wall material is ablated by a laser 
beam. The released material enters the edge plasma region of a fusion experiment and the 
resulting optical emission is observed. To conclude from the observed photons to the 
number of ablated atoms, a detailed knowledge of the velocity distribution of the ablated 
material is required. 
In this work the LIAS emission in discharges at TEXTOR was studied using an Ametek 
Phantom v711 camera. In this paper a method is developed to conclude from the 
observed emission to velocity distribution of the ablated species. The obtained velocity 
distribution is used for our numerical LIAS model, demonstrating good agreement. 
Implications are discussed. 
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1. Introduction 

The performance of the first wall in fusion reactors is critical for economic exploitation of 

fusion power [Error! Reference source not found.-Error! Reference source not 

found.Error! Reference source not found.]. There is an urgent need to develop means to 

measure plasma-wall interaction (PWI) processes in situ: understanding of the influence of 

plasma operation scenarios on material migration on the one hand and the monitoring of the 

tritium content of the first wall as an immediate safety application.  

Laser based methods are investigated as candidates [Error! Reference source not found.], as 

they provide powerful tools to study fuel retention, deposition and material transport. Laser 

induced ablation spectroscopy (LIAS). [Error! Reference source not found.-Error! 

Reference source not found.Error! Reference source not found.] is a promising candidate. 

In LIAS, a small area of the plasma-facing component surface (PFC) (diameter < 1 cm) is 

ablated by a laser pulse and the material is injected into the plasma edge region. There the 

species are excited and ionized by electron impact. Radiometrically calibrated spectroscopy 

provides the number of atoms in the ablated layer. This has been quantitatively demonstrated 

for hydrogen isotope containing layers in TEXTOR [Error! Reference source not found.]. 

However, the measured photon efficiency for Dα from a-C:D layer ablation is at least 3.5 

times larger than expected from ADAS values for an atomic hydrogen beam for the TEXTOR 

edge region [Error! Reference source not found.]. Possible reasons for this discrepancy are 

molecular hydrocarbon dissociation, which for example in case of a pure D2 source is known 

to reduce the photon efficiency for Dα by a factor of 2 for TEXTOR conditions [Error! 

Reference source not found.] and plasma perturbation caused by the material injected in a 

short time [Error! Reference source not found.]. 

For quantitative modelling of LIAS the velocity distribution of the ablated species is a 

required input parameter. The laser ablation process is known to be highly material dependent 



 

[Error! Reference source not found., Error! Reference source not found.] and the 

ablation rate has been found to dramatically increase in the presence of a magnetic field 

[Error! Reference source not found.]. 

As it is the goal of LIAS to study material modifications of PFCs during plasma impact as 

well as mixed materials forming during operation, material properties are unknown by 

definition. Thus for LIAS modelling to work the velocity distribution of the ablated species 

must be determined in situ. A first approach was done in [Error! Reference source not 

found.] which is advanced here. A description for the laser ablated particles can be done in 

form of the stream modified maxwellian velocity distribution as used in [Error! Reference 

source not found.] of the form 

𝑓 𝑣! , 𝑣! , 𝑣! =
1

2𝜋  𝑇!
   𝑣! − 𝑢! ! + 𝑣!! + 𝑣!! . 

Here the surface on which the laser beam is incident is assumed to be in the y-z plane. The 

width of the distribution is described by a temperature T0 and the particles have a velocity 

distribution shifted by a stream velocity us in the x-direction. 

2. Methods 

2.1. Experimental Methods 

LIAS was studied in the tokamak TEXTOR [Error! Reference source not found.] in ohmic 

discharges, rLCFS=463 mm, Te,LCFS=(33.7±.5) eV, λTe=49±3 mm, ne,LCFS=(6.6±.2)*1018 m-3, 

λne=15.1±.7 mm [Error! Reference source not found.]. The radial location of the Tungsten 

sample was fixed at r=500 mm. In all experiments LIAS was performed during the current 

and density flat-top phase of the discharge.  

The ablation was carried out with Innolas Spit Light laser system with the parameters 

Ep=1.5 J, λ=1064 nm, τp=7 ns. From the area of the laser Aspot=16 mm2, and the total 



 

transmission of the optical system t=.64 [Error! Reference source not found.] an average 

target pulse energy density Ftarget=6 J/cm2 is determined. 

The emission was observed from Limiter Lock 1 in the horizontal observation [Error! 

Reference source not found.] by an Ametek Phantom v711 using the fast option. The WI 

transition 5d5(6S)6s � 5d5(6S)6p at λ=400.9 nm [Error! Reference source not found.] was 

observed by a narrowband interference filter (010FC06-50/400.9nm AM-31527 S/N-01). A 

sample of the background subtracted signal for the first laser pulse of TEXTOR discharge 

#119779, the 5th laser pulse onto the tungsten sample is shown. The time shown at the top of 

each frame indicates the elapsed time from the laser trigger. The recording interval was 

2.56 µs with an exposure time of 2.18 µs, recording 64 pixels in radial and 128 pixel in 

toroidal location. As the camera was free running relative to the TEXTOR timing system the 

relationship between the laser trigger and the start of the frame recording interval does not 

have a fixed relationship for each laser pulse. 

 

 



 

 

Figure 1: Background subtracted LIAS WI 400.9nm frame images from before the laser 

pulse until 15.3µs after the laser pulse. 

2.2 Analysis 

Due to the plane of observation the intensity is integrated in poloidal direction. If the velocity 

distribution from #EQ1# is assumed, a twofold integration has to be performed [Error! 

Reference source not found.] yielding the resulting radial velocity function for the velocity 

along the normal component vn of the target  

𝑓 𝑣! = 𝐴!   exp −
𝑢! − 𝑣!
2  𝑣!!!

, 

with thermal velocity 𝑣!! =
!!!
!

, normalization constant A0 and stream velocity us. In a 

simple description, the intensity observed is the result of two competing processes: Emission 

due to excitation by the plasma electrons of the impinging neutral tungsten atoms on the one 

hand and ionization by the electrons on the other hand which prevents further excitation. 

Additionally, for a single pixel a given solid angle is observed which means that the recorded 

signal has to be scaled with the velocity v of the observed species to account for the transition 
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time. In this work the effect by ionization with the penetration length 𝜆 = !
!!!!"#

 in case of a 

homogeneous plasma is not accounted for, as the entering tungsten can be a case of local 

plasma perturbation, so that the electron density is a function of space and time over the 

duration of the laser pulse. In consequence, the method will be limited in reliability 

specifically for slow velocities.  

 

2.3. LIAS modelling 

For modelling of the LIAS emission a numerical model has been developed which provides a 

self-consistent description for the spreading of ablated particles and the modifications caused 

in the tokamak plasma. The model is based on the shell-model approach developed for 

impurity penetration [Error! Reference source not found.] and has been adapted to the 

much shorter time scales of the laser ablation process relevant for LIAS [Error! Reference 

source not found.]. The present status is described in [Error! Reference source not found.]. 

For the tungsten emission considered here data from the ATOM database was used. While the 

plasma interaction is modelled in detail, the velocity distribution of the species injected due to 

the laser ablation process is a required input. Thus in the following the results for the 

experimental determination of the velocity distribution of tungsten atoms are given. Then this 

velocity distribution is used to model the LIAS emission. 

3. Results 

Processed data from the raw data presented in fig. 1 is shown in fig 2. The plot shows the 

velocity corrected intensity binned in the x-direction as a function of time and distance to the 

target. The assumption of a point source located at d=0 instantaneously releasing the particles 

at t=0 is a reasonable assumption, as the laser pulse penetration depth < 1µm/pulse and the 

observed emission time τem~10 µs>>τp=7 ns. 



 

 

 

 

Figure 2: Mapping of the camera signal integrated in toroidal direction, mapped to 

distance to target- and velocity space. 

To minimize the effect of signal loss due to ionization of slow species the velocity profile was 

determined for the region d=(2.15±.1) cm off the surface. The resulting data points for three 

laser pulses, the 5th, the 6th and the 10th on an untreated target as well as the performed fits are 

shown in figure 3. In the upper graph the actual corrected intensity together with the fit is 

shown. In the lower graph the fit residual is shown as a fraction of the peak intensity. 
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Figure 3: Fitting of stream modified Maxwell-Boltzmann velocity distribution to camera 

data. 

The obtained fitting parameters are presented in table 1.  

 
 
Laser pulse us [km/s] vth [km/s] 
1 7.2±.2 2.4±.2 
2 8.3±.1 2.7±.2 
3 7.9±.1 2.6±.2 
Table 1: Stream modified Maxwell-Boltzmann distribution fitting parameters. 

For the LIAS model described in 2.3 the parameters us=7.8 km/s and vth=2.6 km/s were 

chosen based on the results presented in table 1. The simulated emission for different numbers 

of tungsten atoms injected is shown in figure 4. The observed time and scaling are reproduced 

from the experimental measurements presented in figure 1 for convenience.  

 

0 2 4 6 8 10 12 14 16-0.5

0

0.5

1

1.5

2

2.5x 104
In

te
ns

ity
 in

 a
.u

.
#119779, d=2.15±0.1cm, corrected intensity

 

 

pulse 1
pulse 2
pulse 3

0 2 4 6 8 10 12 14 16-10

0

10

v in km/sfit
 p

ea
k 

fra
ct

io
n 

[%
]

Fit residual



 

	  

Figure	  4:	  LIAS	  simulation	  for	  WI	  400.9	  nm	  emission,	  accounting	  for	  plasma	  perturbation	  by	  injected	  species.	  
The	  number	  of	  atoms	  is	  increased	  from	  a)	  to	  c). 

In a) only 107 W atoms are injected, causing only negligible local perturbation to the plasma. 

In b) and c) the emission for 1015 W and 1016 W atoms are shown, respectively which is the 

number of atoms typically ablated by the laser used [Error! Reference source not found.]. 

In these cases a strong local transient perturbation of the local plasma parameters is found, 

amounting in case of 1016 injected W atoms to ne,cloud=3.29*1015 cm-3 and Te,cloud=0.526 eV at 

t=3.78µs. The plasma shows full recovery to pre-laser pulse parameters within 10 µs after the 

onset of the laser pulse. 

A good agreement between emission modelling and experimental observation is found, both 

in regard to shape and time scale. 



 

4. Discussion and Conclusion 

In this work time resolved fast camera measurements of the WI 400.8 nm emission from 

Laser Induced Ablation Spectroscopy (LIAS) is used to determine the velocity distribution of 

ablated neutral tungsten atoms. Then the obtained velocity distribution is used successfully 

for a comparison between our numerical LIAS model and the experimental observation. 

A method to deduce the velocity distribution of the ablated particles from camera data is 

introduced. It is found that the velocity distribution of the ablated tungsten bulk material in 

TEXTOR can be described by a stream modified Maxwell Boltzmann distribution. Although 

the intensity of the integrated LIAS light differs between the shots, possibly due to surface 

conditioning effects the thermal velocity is found to be constant within the statistical errors of 

the fitting method. The stream velocity is found to vary by less than 20% between laser 

pulses. 

The experimental method described here can be applied in principle to data obtained from a 

fast photodiode carefully aligned to the emission cloud. The analysis highlights the advantage 

of side-observation of the LIAS plume as interpretation is dramatically eased. In future work 

the simultaneous observation of different emission lines should be considered. This allows 

distinguishing between ionization and excitation effects of the respective species. 

Furthermore, the 2D camera data allows for investigation of the penetration behaviour for 

different velocities and angular distribution measurements. This will be explored in the future. 

The determined velocity distribution can be applied to our numerical LIAS model which is in 

good agreement with the experiment and is a first successful step for validation of the model. 

A significant local plasma perturbation due to LIAS is found which is very different from 

sputtering experiments under similar conditions [21]. The next step will be the quantitative 

validation of the predicted photon efficiencies. With the model a tool for LIAS with local 

perturbation is available, allowing a quantitative estimate on ablation amount based on 



 

emission shape. On the other hand, the model allows for the design of non-perturbative LIAS 

with shorter laser pulses and/or lower pulse energy and high repetition rates. Additionally, 

predictions for LIAS in other machines can now be made. 
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