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Abstract. 
An expanding plasma jet is investigated by means of Thomson-Rayleigh scattering, in 
order to measure the electron and neutral particle density and electron temperature of the 
plasma. If small volume percentages of H2 are admixed to a pure argon plasma jet, the 
electron density decreases rapidly, whereas the neutral density remains unchanged. 
Thomson-Rayleigh data are used to detect this decrease of the electron density, in order to 
distinguish different recombination processes in the plasma. The two processes found were 
both dissociative recombination after associative charge exchange due to H2 in the plasma. 
The high plasma temperatures cause dissociation of H2, and therefore to cause 
recombination, H2 must enter the plasma externally. In the first process, H2 is formed by 
association of hydrogen atoms on the wall of the plasma source, the cascaded arc, and 
diffuses back into the plasma. In the second process, H2 is associated on the wall of the 
vacuum vessel, in which the plasma expands, and enters the plasma via a recirculation 
flow to cause dissociative recombination. 



Contents. 
1 Introduction. 

2 Theory. 
2.1 The supersonic adiabatic expansion. 
2.2 Thomson-Rayleigh scattering. 

3 Experimental set-up. 
3.1 The expanding plasma. 
3.2 The Thomson-Rayleigh set-up. 
3.3 Experimental problems and improvements. 

4 Results. 
4.1 Axial and radial profiles. 
4.2 Recombination mechanisms. 

- The H/1)2 experiments; ion loss in the cascaded arc. 
- H2 injection in the arc and in the vessel. 

5 Discussion and conclusions. 
5.1 Comparison of old and new measurements. 
5.2 Recombination mechanisms. 
5.3 conclusions. 

Dankwoord. 

Literature references. 

Appendix A. 

Appendix B. 

2 

2 
2 
7 

8 
8 
9 

11 

12 
13 
21 
23 
25 

32 
32 
33 
36 

37 

38 

39 

41 



1. Introduction. 
At the Eindhoven university of technology research is done on Ar/H2 plasma jets expand
ing supersonically out of a cascaded arc. Fundamental research of these plasmas is 
important in view of their use for ultra fast deposition of a:Si-H, a:C-H, graphite and 
diamond thin films, and their possible use as a H+, ff and H source. Fast production of 
thin films of a good quality is essential for future use of these films in e.g. solar cells or 
micro electronics in order to make the application of these products commercially and 
environmentally worthy. Next to deposition, the application as a H, H+, and H source 
could be useful for example in neutral particle sources for fusion reactors. 
For fundamental research, different diagnostics have been used to measure the plasma 
parameters of such an expanding plasma. One of these diagnostics is the Thomson-Ray
leigh scattering, which is used for accurate measurements of the electron and neutral den
sities as well as the electron temperatures with a high spatial resolution [SANDI]. Other 
complementary methods are optical emission spectroscopy [SANDI], Fabry Perot meas
urements [MEUL3], laser induced fluorescence [SNOE] and, in the future, CARS (Coher
ent Anti-Stokes Raman Scattering) [PEAL!], [PEAL2]. Intensive study has been carried 
out for pure argon expanding plasmas by van de Sanden [SANDI]. These measurements 
produced a lot of knowledge about the transport and specific plasma phenomena. A next 
step towards the final study of deposition plasmas is the addition of small amounts of 

· different gasses which are used in current deposition set-ups, like H2, SiH4 and CH4• 

Research of argon plasmas with small amounts of hydrogen (0.7, 1.4 and 2 vol. % H2), 

which has been done in the past [VEN], [MEULI], shows that the electron density in the 
expansion decreases rapidly with increasing hydrogen admixture. 
The aim of this report is to discuss new Thomson-Rayleigh measurements of the expand
ing plasma with higher admixtures of H2 and to understand the plasma phenomena 
occurring under the created circumstances. This report consists of 5 chapters. Chapter 2 
gives a brief explanation of the gas-dynamics of the supersonic expansion and its plasma 
physical recombination processes. This chapter also gives the principle behind Thomson
Rayleigh scattering. In chapter 3 the experimental conditions and set-up are discussed. The 
results and discussion of the measurements are written in chapter 4. And finally, chapter 5 
contains further discussion and conclusions drawn from the research. 

2 Theory. 

2.1 The supersonic adiabatic expansion. 

The supersonic adiabatic expansion of a plasma resembles a normal gas expansion. The 
biggest difference is, of course, formed by the typical plasma physical processes like 
ionisation and recombination, but it is expected that if the ionisation degree of the plasma 
is low (in our case 1 to 10% ), the gas-dynamical features of the plasma are similar to 
those of a normal gas. In reference [MEUL2] it is shown that for neutral densities between 
1022 and 3·1020 m-3

, which are similar to densities found in the experimental plasma 
expansion, the mean free paths of collision between ions and neutrals (},,i0 ) is smaller than 
0.3 cm. Compared to gradient lengths in the expansion of about 1 cm the ions are 
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therefore well enough coupled to the neutrals. Furthermore is the influence of the ions on 
the neutral gas expansion negligible due to the low ionisation degree; there are not enough 
ions to disturb the neutral gas expansion. For this reason the plasma expansion resembles 
a normal gas expansion. 
The expansion of the plasma out of the nozzle is a 3 dimensional supersonic adiabatic gas 
expansion. Such expansions are yet analytically unsolved. In reference [MEUL2] it is tried 
to use a quasi-one-dimensional model for the description of the expansion, but in this 
report only empirically derived descriptions from the literature of the supersonic expansion 
are used. Firstly, in this paragraph the qualitative behaviour of a supersonic expansion will 
be discussed, and thereafter an empirical description according to Ashkenas [ASHK] is 
given for the first part of the expansion. Finally, the for this report important plasma 
physical features are discussed. 
Figure 2.1 shows a schematic presentation of a supersonic expansion out of a nozzle. The 
particle density along the axis of the expansion is given in figure 2.2, were the expansion 
is divided in 3 parts. The first part with the strong density decrease is the supersonic 
expansion of the gas. In this part the gas expands faster than the speed of sound. This is 
indicated by M>l, with M the Mach-number: 

M=_v_ (2.1) 
c(p) 

Where v is the expansion speed of the gas and c(p) the speed of sound. The difference in 
'reservoir-pressure' Po and 'background-pressure' Pback in figure 2.1 is so large that the gas 
accelerates to such high speeds that the speed of sound is exceeded. This acceleration goes 
on until the shock. The stationary shock, part 2 in figure 2.2, is a discontinuous process 
which causes a sudden increase of density. In this part the pressure of the gas becomes 
equal to the background pressure and the gas decelerates quickly, in an ideal situation 
even instantly, to a speed equal to the speed of sound (M=l). The expansion proceeds 
with lower speed; the gas decelerates further in a subsonic expansion (M<l), dominated 
by radial diffusion. 
Because the three dimensional supersonic expansion is an analytically unsolved problem, 
H. Ashkenas [ASHK] has tried to find empirical descriptions of such supersonic expan
sions. He found expressions for the axial and radial density profiles for the supersonic part 
of the expansion, and an expression for the position of the stationary shock. For the 
supersonic part, part I in figure 2.2, it was found that the expansion out of the nozzle is 
like an expansion coming from a source Zo indicated in figure 2.1. This means that the 

Figure 2.1: The expansion of a neutral gas through a sonic orifice. 

3 



.~A.00, 
:~ '1i . . 
t ! 

I II III 

Axial position 

figure 2.2: The neutral particle density of a free expanding jet. 

density on a stream-line of the expansion decreases with the inverse square of the distance 
to the onset Zo: 

v2 
n(z)=n(O).--

(z-zo)2 
(2.2) 

Here is D the diameter of the nozzle. Ashkenas also found that the profile shape only 
depends on the expansion angle <1> (figure 2.1). After calculating densities on many stream
lines using formula (2.2) an expression was derived for the radial density profiles in the 
supersonic expansion: 

n( <J>,z) - cos2( <1>) .cos2( 1t<j>) 
n(O,z) . 28 

(2.3) 

In the formula <1> is the expansion angle in radials (see figure 2.1) and 8 is a constant of 
the order of 1 and depends on the specific heat ratio of the gas. According to Ashkenas 
this analytic expression is sufficiently accurate to give an idea about the radial profile 
shape, but is almost certainly not theoretically significant. Figure 2.3 illustrates the course 
of the density profile of the supersonic part of the expansion according to Ashkenas. 
The position of the shock-wave, part II in figure 2.2, has also been determined empirically 
[ASHK]: 

1 

ZM = 0.67(~)"! 
D Pback 

(2.4) 

The value 0.67 is independent of the specific heat ratio of the used gas. In theory the 
shock-wave is a discontinuous step in the density and an instant change of the expansion 
velocity. In practice the shock-wave has a certain thickness of a few times the mean free 
path for collision A. of the particles in the gas, because the particles first have to 'discover' 
that a discontinuity has occurred. For an argon gas with density n=la2° m·3 and tempera-
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Figure 2.3: 
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Three dimensional Ashkenas-density profile for the supersonic part of the 
expansion. 

ture T=2000 K, a normal plasma condition, the mean free path A.oo is approximately 1 cm. 
This A.oo implies a shock thickness of a few centimetres, figure 2.2, which is confirmed 
experimentally. 
In the introduction of this paragraph it is already said that the gas-dynamical behaviour of 
the plasma is similar to that of a normal, i.e. neutral, gas. The ions, and because of quasi
neutrality of the plasma the electrons as well, follow the expansion of the neutrals. This 
statement certainly holds for the supersonic part of the expansion with densities between 
1022 and 3·1020 m·3

• However, in the subsonic part radial ambipolar diffusion of the ions 
starts to play an important role. In this part the ions, and therefore the electrons as well, 
behave differently from the neutral particles because these are not affected by the 
ambipolar diffusion. Still, the fons in this part do not influence the neutral gas expansion 
because of the low ionisation degree. For this reason, plasma physical effects like 
ionisation and recombination are treated separately from the gas dynamical phenomena in 
the whole expansion. 
The main aim of this report is to study the course of the density profiles as a function of 
the different admixture to the plasma. If there was no ion loss in the expansion and a 
perfect coupling of the ions to neutrals takes place (low ionisation degree) then the pro
files of the ions would be identical to those of the neutrals. Due to plasma processes like 
ionisation and recombination the ion profiles deviate from the neutral profiles. Roughly, 
the plasma can be separated in two parts. The first part is in the plasma source, the 
cascaded arc, in which the plasma is produced, and the second part is the free expansion 
out of the nozzle of the cascaded arc into the vacuum vessel. In a pure argon plasma part 
of the argon neutrals will be ionised in the cascaded arc (ionisation energy is approxi
mately 15.8 eV). The main source of recombination of the plasma in the following 
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expansion is for a pure argon plasma formed by three particle recombination between 2 
electrons and an argon ion: 

Ar • + e - + e - - Ar + e - (2.5) 

The value of the rate constant is strongly temperature dependent and is given by Van de 
Sanden [SAND2]: 

9 

Krec,3 = 3.3·10-21.Te '! 
(2.6) 

In units m6s·1
, with Te the electron temperature in K. Two particle recombination is 

neglected because under the used experimental conditions this process is much less 
efficient. If hydrogen is admixed to the plasma in the cascaded arc then most of the 
hydrogen will be dissociated (dissociation energy - 4.5 eV) and partly ionised (ionisation 
energy - 13.6 e V). So next to three particle recombination of argon, also three particle 
recombination of hydrogen will occur: 

(2.7) 

The rate constant for this reaction is assumed to be the same as for the argon three particle 
recombination (2.6). Another source of electron loss is formed by the dissociative 
recombination after associative charge exchange between an argon ion and a hydrogen 
molecule: 

Ar• + H2 - ArH• + H (2.8) 

ArH + + e - - Ar + H * (2.9) 

With rate constants: 

K = 1.1 ·10-15 m 3s -1 
first step 

K = 4·10-10·T-1 m 3s -1 
second step e 

Due to the high electron densities compared to H2 densities, the first step limits the 
reaction speed for the temperature range between 1000 and 3500 K, with a, for this 
temperature range, relatively temperature independent rate constant [GRAA]. Therefore the 
effective rate constant of the dissociative recombination process becomes: 

K. = 1.1 ·10-15 m 3s -1 
diss.rec. 

(2.10) 

For calculating the influence of the above mentioned recombination mechanisms, the 
steady state electron particle balance including the above mentioned processes is used: 

(2.11) 

In this expression is u the diffusion speed and n indicates densities of e·, Ar+, H+, ArH+ 
and H2• 
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2.2 Thomson-Rayleigh scattering. 

· Thomson-Rayleigh scattering is an outstanding diagnostic for measuring electron densities 
(ne), neutral densities (n0 ) and electron temperatures (Te). One of the reasons for this is its 
high spatial resolution, which in our case is approximately 0.25 mm3

• This offers the 
possibility to make a spatially resolved scan of the plasma in all directions. 
Below the principle of Thomson-Rayleigh scattering is described. For a detailed descrip
tion one is referred to references [SANDI] and [SHEF], where the classical theory of 
Thomson-Rayleigh scattering is discussed. The (classical) idea behind Thomson-Rayleigh 
scattering is the elastic scattering of light by free and bound electrons. An incoming 
electromagnetic wave will invoke a charge to resonate in its field (figure 2.4). The charge 
itself will then act like a dipole radiator and start to radiate light in all directions. This 
process is called Thomson scattering in case of scattering by a free electron, and Rayleigh 
scattering when the scattering takes place by bound electrons (i.e. electrons in an orbit of 
an atom or molecule). 
Figure 2.5 presents a simulation of a Thomson-Rayleigh measurement which shows two 
different peaks; the narrow one is the Rayleigh peak and the broad one the Thomson peak. 
The common centre of the peaks is exactly at the used source wavelength but the peaks 
are differently Doppler broadened, because of the difference in thermal speed due to the 
mass difference between neutrals and electrons. This difference in broadening makes it 
possible to separate the two peaks. In theory both the neutral and electron temperature can 
be determined from the width of the peaks. However, due to limitations of the resolution 
of the experimental set-up it is not possible to find the neutral temperature, because the 
apparatus profile of the used diagnostic is wider than the Doppler broadening of the 
Rayleigh scattering signal [SANDI]. An extra calibration yielding the argon density per 
scattered photon is necessary to find the neutral and electron densities. The number of 
scattered photons is proportional to the surface of the Thomson-Rayleigh peak in figure 

Figure 2.4: 

Time 
, Charge 
CD~. 

I . 

1 Incident wave 

I 

I 

©: • '\f\MMJIJ 
~ '1,,, 

The scattering of radiation by a free charge. 

7 



-2 -1 0 2 

l!J.. (run) 

figure 2.5: Simulation of a Thomson-Rayleigh scattering measurement, ne- 9·Ja19 m-3
, 

n0 - 5·la21 m-3
, Te- 5000 K. 

2.5. Such a calibration is carried out on a room temperature argon gas with known 
pressure, of which the (neutral} density is calculated using the ideal gas law. For 
calculating the electron density of the plasma, the ratio X between the scattering cross 
section of argon neutral and electrons must be used: 

(2.12) 

3 Experimental set-up. 

3.1 The expanding plasma 

For the experiments a stainless steel vacuum vessel is used, in which the plasma source, a 
cascaded arc, is installed [SANDI]. In this cascaded arc a subatmospheric (- 260 mbar) 
mixture of Ar and H2 gas is injected. The mixture is ionised in the cascaded arc and the so 
formed plasma thereupon expands from the onset of the arc into the vacuum vessel (figure 
3.1). In order to study the effects of cold gasses on the plasma and to exclude arc effects 
like ion loss, it is also possible to flow hydrogen directly into the vessel instead of first 
leading it through the arc. This direct gas injection takes place far from the beginning of 
the expansion. 
It is important that the different diagnostics are kept in good alignment. Therefore is 
chosen for a moveable cascaded arc in order to make radial and axial scans of the 
expanding plasma possible without changing the plasma significantly. This way the diag
nostics are kept fixed and a good alignment is achieved. When doing radial scans it is 
possible that the plasma hits the vessel wall and is disturbed, therefore special care was 
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Figure 3.1: 
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The cascaded arc and the expanding plasma. Notice the indication of the 
cartesian coordinates. 

taken during the experiments to prevent this. 
The source of the plasma, the cascaded arc, consists of 3 cathodes, 3 isolated coper plates, 
and 1 anode plate (figure 3.1). On the cathode side, the gas mixture is injected into a 
channel with a diameter of 4 mm. The mixture will partly ionise and then accelerate 
through a diverging nozzle into the vacuum vessel, where it expands freely. In the 
cascaded arc the plasma temperature is about 10,000 K. The used plasma conditions are 
shown in table 3.1. 

Table 3.1: Plasma conditions used for the measurements. ( slm. stands for standard 
litres per minute) 

Vessel pressure 0.4 mbar 

Cascade voltage lOOV. 

Cascade current 45 A. 

Gas flow in arc 3.5 slm. 

The gas flow concerns the total gas flow (e.g. a mixture with 90% Ar and 10% H2 has a 
flow of 3.15 slm. Ar and 0.35 slm. of H2). The same total flow of 3.5 slm. was used 
during hydrogen injection in the vessel. All gas flow percentages mentioned in this report 
are volume percentages. 

3.2. The Thomson-Rayleigh set-up. 

In figure 3.2 a schematic overview of the Thomson-Rayleigh set-up and a cross section of 
the vacuum vessel is shown. In the figure, the expansion direction of the plasma is perpen
dicular out of the paper. The Laser light is focused at the centre of the vessel and the 90° 
scattered light is imaged on the entrance slit of the polychromator. By shifting the cas-
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Figure 3.2: The Thomson Rayleigh scattering set-up. Note that the polychromator is 
viewed from the top. 

caded arc in the vessel it is possible to create axial and radial Thomson-Rayleigh scans. 
The set-up exists out of: 

A Spectra Physics OCR 190 50 Hz Nd:YAG laser, frequency doubled to 532 nm. The 
laser power was, according to the specifications, 250 mJ but decreased in reality from 
190 to 100 mJ during a period of a few months. · 
(Later, a new laser was installed, a Spectra Physics OCR 230 50 Hz Nd: Y AG 
laser with a specified power of 300 mJ per pulse also for 532 nm. This power was 
indeed achieved during the experiments (see the next paragraph).) 
An optical system consisting out of lenses, prisms, diaphragms and light dumps. 
A polychromator consisting out of an entrance slit (0.25 mm), a holographic concave 
grating HCR (1800 lines/mm), a light amplifier LA (amplification factor 1Q4) and an 
optical multichannel analyzer OMA (1024 photodiodes, each 0.025 mm wide and 2.5 
mm high). The dispersion of the polychromator is 1.11 nm/mm (thus approximately 
0.028 nm/photodiode). 
A 16 bits A.D. convertor for data acquisition. 

In reference [SANDI] a more complete description of the set-up is given. Different from 
the data acquisition mentioned in this reference is a 16 bits instead of a 12 bits A.D. con
verter for reading polychromator data [VEN]. Other changes compared to the old set-up 
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are that a new, more powerful laser is installed and that the entrance slit of the poly
chromator is changed from 0.5 to 0.25 mm, both because of expected higher accuracy and 
lower detection limits due to respectively higher scattering rates and narrowing of the 
apparatus profile. This apparatus profile decreased from 18 to 11 pixels, i.e. from about 
0.5 to 0.3 nm. The optical path length of the laser beam increased because the new laser 
w~s installed further from ·the plasma set-up, which requests even more accurate align
ment. Possible stray light, whjch has the same frequency as the central peak of the scat
tered light, would decrease the accuracy of the measurements. With the purpose to avoid 
this stray light, two laser dumps are installed. The most important one, LD in figure 3.2, is 
put in an extra long tube. Along with a few diaphragms D1 to D4 and a viewing dump VD, 
the stray light is reduced to a level of 1 Pa at 300 K, which compares to an electron den
sity of 5.1017 m·3 and a neutral density of 7 .1019 m·3

• 

The electron and neutral densities and electron temperature were subtracted from the 
measurements with a fit-procedure which fits a corrected Gaussian profile through the 
Thomson peak and a measured apparatus profile through the Rayleigh peak [JANS]. The 
accuracy of the measurements is profoundly discussed by Van de Ven [VEN]. He found 
that with the old set-up the accuracy of the electron and neutral densities and the electron 
temperature were respectively 5, 15 and 20%. These values change under conditions that, 
for example, the neutral density is so high that the Thomson peak drowns in the Rayleigh 
peak (figure 2.5). This happens far in the subsonic part of the expansion. The accuracy of 
the electron density then becomes about 50%. Due to the improvements of the set-up the 
accuracies of 5, 15 and 20% are expected to improve. 

3.3 Experimental problems and improvements. 

At the beginning of the research the set-up was as described in the above given enumer
ation. Several problems occurred with this set-up during the experimental period of which 
the main problems will be discussed in this paragraph. The biggest problem was formed 
by the new Spectra physics GCR 190 laser which did not satisfy the specifications. The 
laser power was not the mentioned 250 mJ at 532 nm but 190 mJ when it came in, and 
even decreased during the experiments to 100 mJ in the end. Together with the decreasing 
laser power over a period of a few months, the laser was not stable during an experimental 
day, i.e. the power decreased during the· day as can be seen in figure 3.3. Therefore the 
idea that the detection limits of the measurements could be decreased with the new laser 
did not work out. This will be discussed in chapter 4. Another problem that occurred con
cerned the glass laser dump LD in figure 3.2. This laser dump broke into pieces during the 
experiments. Some burst must have been in it before it broke and may have reflected more 
stray light than expected. The laser dump was replaced later by a Brewster window stuck 
to a shorter tube. Beyond this new Brewster window the laser light is dumped with a 
Spectra Physics laser dump. This new laser dump yields even better stray light results; the 
stray-light was reduced by a factor of two. 
Because the GCR 190 laser did not work according to the specifications, a new laser was 
installed. This new Spectra Physics GCR 230 50 Hz frequency doubled laser had a laser 
power of 300 mJ per pulse at 532 nm, which compares with the specifications. The only 
problem that occurred with this laser was a common mode on the pulse synchronisation 
exit which was linked with the data acquisition computer and caused a disturbance on 
mainly the electron temperature, but also on the electron density measurements. This 
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Figure 3.3: The decrease of power of the GCR 190 Spectra Physics laser for a few 
days. 

problem is solved and is discussed in appendix A. A similar disturbance was observed 
during experiments with the GCR 190 laser. However, at that time these disturbances were 
ascribed to the instability of the laser. 
Finally, a quite inconvenient problem occurred. Sometimes during the measurements dust 
in the vacuum vessel disturbed the measurement. This dust caused an additional, non
Doppler shifted, scatter of laser light in all directions, which causes a disturbance of 
especially the neutral densities. Against all expectations, the electron temperature is also 
very much influenced by the increasing scatter of non-Doppler shifted light. This disturb
ance of electron temperature measurements is discussed in appendix B. 

4 Results. 
The measurements of the three plasma parameters; the neutral densities, electron densities, 
and ·electron temperatures, by nieans of the Thomson-Rayleigh diagnostics, are discussed 
in this chapter. Despite the problems explained in chapter 3, very interesting results were 
achieved. In the beginning of the research measurements were carried out, with the GCR 
190 laser, to study recombination effects: 

Firstly, axial scans were made through the centre of the expansion, along the .z-axis 
(see figure 3.1), of an Ar plasma with 0%, 2%, 3%, 4%, 5%, 10% H2 admixtures in 
the cascaded arc. These measurements produced axial profiles of all three parameters. 

Secondly, radial scans along the x-axis of the expansion were made at axial positions 
of 10, 20, 40, 70 and 100 mm from the onset of the cascaded arc nozzle with 0 and 
2% H2 admixtures in the arc. These scans produced radial profiles. 
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These measurements show dramatic ion loss when hydrogen is admixed to the plasma. 
The results are discussed in paragraph 4.1. New measurements with the new OCR 230 
laser were carried out for further study of the recombination-mechanisms as well as to test 
the laser. Two mechanisms are expected to cause the ion loss. The first is the additive ion 
loss due to dissociative recombination after associative charge exchange of an argon ion 
and a hydrogen molecule (see formulas 2.8 and 2.9) in the cascaded arc. Next to this arc 
effect, it is expected that a recirculation flow of hydrogen molecules in the vacuum vessel 
forms another source of charge exchange followed by dissociative recombination. 
Therefore, two experiments were carried out to detect the different mechanisms: 

To research the ion loss due to admixture of hydrogen in the arc, prolonged 
measurements were carried out with respectively 2% H2 and D2 admixed to the 
argon plasma in the arc and, as a comparison, injected directly into the vessel. The 
measurements were done at the axial position z=15 mm. The idea behind these 
experiments is that due to association of hydrogen/deuterium atoms or ions at the 
arc wall, H2 or D2 can be formed. The concentration of H2 in the arc should 
deviate from the D2 concentration because the diffusion speed is mass dependent. 

Secondly, to study the effect of recirculation on the electron density, axial and 
radial 'density measurements were carried out with 2% H2 injection in the arc and 
injection directly into the vessel. From the shape of the axial and radial electron 
profiles one can subtract which mechanism causes the ion loss. 

The results of these measurements are discussed in paragraph 4.2. 

4.1 Axial and radial profiles. 

In chapter 2 the comparison between an adiabatic supersonic plasma expansion and a 
normal gas expansion was discussed. In figure 4.13 the measurements of the argon neutral 
particle densities are presented. The measurements do not contain information about the 
hydrogen neutrals (atoms as well as molecules), because the cross section for Rayleigh 
scattering of hydrogen is much lower than for argon (about a factor of 10 lower [JAEO]). 
No exclusion therefore can be given about the expansion of hydrogen atoms and mol
ecules. However, figure 4.1 shows that small admixtures of hydrogen to the plasma does 
not affect the gas dynamical expansion of the argon neutrals; admixtures of H2 in the 
cascaded arc up to 10% have no influence on the general transport phenomena of the 
argon neutrals. This indicates that the expansion of the plasma indeed can be treated as an 
expansion of a neutral gas. The only discrepancy can be seen at the shock of the 3% H2 

admixture, for which the neutral density is a factor 2 or 3 lower than the shock densities 
of other admixtures. This deviation could be ascribed to deviations of the density 
calibrations due to the instability of the OCR 190 laser. 
The radial profiles of the neutral particle densities (figure 4.2) confirm the above men
tioned gas dynamical properties. In the figure, the radial density profiles for the different 
axial positions (z=lO, 20, 40, 70 and 100 mm) are presented for the pure argon case and 
for the 2% admixture of hydrogen. The measurements show that the radial density profiles 
are identical. Small deviations in the congruence can be ascribed to deviations of the 
density calibrations. 
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Thus, the axial and radial neutral density measurements show that the expansion of the 
neutrals in the plasma may be considered as a normal gas expansion. In the following is 
assumed that, besides influences of plasma physical nature, the ions (and therefore the 
electrons as well) follow the same expansion profile as the neutral particles (chapter 2.1). 
Figure 4.3 shows the plasma physical effects. of the hydrogen admixtures in the cascaded 
arc on the ion and electron densities. Here the axial electron density profiles show the 
electron loss due to the admixture of 2% H2• Figure 4.4 shows that the electron loss 
increases dramatically when even higher hydrogen percentages are admixed. From the 
measurements can be concluded that the detection limit of the electron density is about 
1018 m·3

• The 10% hydrogen case yields no axial density profile, for the simple reason 
that, even at z=5 mm, it was not possible to measure any electron density for this condi
tion. This means that in the expansion the electron densities are below the detection limit 
of 1018 m·3

• At z=5 the detection limit is probably higher than the mentioned 1018 m·3
, 

because of the high neutral densities at this position. Here the detection limit is about 
5·1018 m·3

• The conclusion can now be drawn that the electron density decreases more 
than linearly with the admixture of hydrogen in the plasma. For the 10% hydrogen case, 
the electron density already decreases dramatically at the onset of the expansion, which is 
probably caused by ion loss in the arc due to dissociative recombination. For lower 
percentages, also an electron loss can be observed in the subsonic part of the expansion. A 
simple first order approximation of the expansion with a one dimensional steady state 
particle balance for the electrons (see chapter 2, formula 2.11) shows the electron loss in 
this part of the expansion due to external hydrogen admixture: 

O(neuz) 
= -n .n K - 0 ...... z- Ar H2 diss. rec. 

(4.1) 
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Radial Ashkenas profiles. For the pure argon case the Ashkenas profiles 
are fitted to the data. In the 2% H2 case, the measurements could not be 
fitted. Here the pure argon Ashkenas profiles above are used, which are 
normalised to the top of the 2% H2 admixture measurements. One may 
conclude that in this case at the periphery extra ion loss occurs, because 
the normalised Ashkenas profiles are broader than the 2% H2 profiles. 

In this differential relation the shape of the expansion is left out. If the electron density is 
set equal to the argon ion density then the solution yields an exponential electron loss: 

-n K Z 
H2 dJ.,u,,,c.u 

ne(z) = ne(O)·e · 
(4.2) 

where Uz is the expansion speed and considered constant, Kdiss. rec. is the dissociative 
recombination ratio (l<wss. rec.=1.1 10·15 m3s·1

) and n indicates electron respectively hydrogen 
molecule densities. If the expansion would also be taken into account then an even 
stronger decay of the electron density could be seen. 
The measurements of the radial electron density profiles for 0 and 2% hydrogen admixture 
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in the arc are presented in figure 4.5. The figures clearly show that the profiles are less 
high and less wide at the beginning of the expansion at z=lO and 20 mm, when hydroge~ 
is admixed. In addition this could mean that next to an internal source, which causes the · 
central ion loss, an external source causes electron loss at the edge of the expansion. 
Further on in the expansion the profiles of the 2% H2 plasma still show lower density pro
files, but the widths are the same as for the pure argon plasma. The decrease of width of 
the first two profiles becomes clearer when the profiles are compared using the Ashkenas 
model, formula 2.3, for a supersonic adiabatic expansion. If no recombination appeared 
then the electron radial profiles would have to equal the Ashkenas profiles. Figure 4.6 
shows Ashkenas fits of the pure argon plasma (8 respectively 1.5 ± 0.2 and 2.8 ± 1.0 for 
z=lO and 20 mm). The figure shows that the electron profiles indeed fit the Ashkenas pro
files very well, but that the values of 8 differ for the two positions. This indicates that the 
expansion is not a fully adiabatic supersonic expansion, but in first approximation it will 
be considered as such. The profiles for the Ar/H2 plasma however can not be fitted. When 
the pure argon fits are normalised to these profiles, as shown in figure 4.6, the decrease of 
width can easily be seen. The radial neutral profiles, figure 4.2, show that the expansion of 
the 0 and 2% H2 plasmas have the same gas dynamical features. So, the additional loss of 
electrons in figure 4.6 must be caused by an additional recombination source. This 
recombination source may either be formed by recirculation of hydrogen molecules in the 
vessel, which causes dissociative recombination, or by processes which already take place 
in the cascaded arc. The mechanisms concerned will be explained and discussed in the 
next paragraph. 
To complete the Thomson-Rayleigh results, figure 4.7 and 4.8 demonstrate the different 
axial and radial temperature profiles. Figure 4.7 only shows the temperature profile of the 
pure argon case because the other axial profiles show too much scatter. The profiles 
shown also have a lot of scatter on . the data. In earlier research with a different laser, 
measurements of electron temperatures were more accurate. The reason for this increase of 
scatter has proven to be a common mode in the coax-cable between the laser and the corn-
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puter mentioned in chapter 3.3 and will be further discussed in appendix A. This mode 
caused a disturbance of the width of the Thomson profiles and therefore a disturbance of 
the temperature measurements. For the pure argon case however, still a clear shock-wave 
structure can be seen. The figure shows that the temperature shock occurs earlier (the 
minimum is at z=20) than the density shock (minimum at z=40). This was also found in 
earlier experiments. Comparison of Thomson-Rayleigh measurements, carried out with the 
new respectively the old set-up, is discussed in chapter 5.1. 

4.2 Recombination mechanisms. 

In this paragraph the measurements which have to indicate the different recombination 
mechanisms, will be discussed. 
In a pure argon plasma the only important recombination source is the three particle 
recombination (2.5). However, if hydrogen is added to the plasma then dissociative 
recombination forms another important source of ion loss: 

H
2 

+ Ar• ~ ArH + + H (2.8) 

(2.9) 

For example, if the electron and argon ion density is 1019 m-3 and the H2 density is 1018 m-3 

with an electron temperature of 2000 K, the ion losses with (2.6) and (2.10) are: 

n 2n K = 4.6·1021 m -3s -l 
e Ar' rec,3 

n n K . = 1.3·1022 m -3s -1 
e H2 d1ss. rec. 

So, even for low hydrogen concentrations the influence of the dissociative recombination 
on the electron density can be great. The two mechanisms that cause dissociative 
recombination are already mentioned above, and will be studied carefully in this chapter. 
The mechanisms are: 

Dissociative recombination in the cascaded arc after creation of H2 through associ
ation of H or H+ at the arc wall. 

Dissociative recombination in the vacuum vessel by recirculation of vessel wall 
associated hydrogen molecules. 

For both mechanisms it is important that H2 is associated with interaction of a wall, 
because all the H2 that is injected in the arc will be dissociated (dissociation energy of 4.5 
e V) due to high arc temperatures (T arc = 10,000 K). So, without wall association in the 
cascaded arc there will be no hydrogen molecules present in the arc. The same holds for 
the recirculation principle in the vessel. No H2 will be present in the expansion, because 
all the H2 already has been dissociated in the cascaded· arc. Only due to association of 
hydrogen atoms at the vessel wall, H2 will be formed. The formed H2 then can enter the 
expansion via a recirculation flow. 
Figure 4.9 shows the principle of association of hydrogen in the cascaded arc. Association 
of hydrogen will take place in the whole arc channel on the arc wall. Hydrogen atoms and 
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Figure 4.9: 

Wall of Cascaded arc 

A schematic presentation of the diffusion of H towards, respectively H2 

from the arc wall. Explanation, see text. 

cuum 
umps 

Figure 4.10: Recirculated hydrogen atoms associate at the vessel wall to form H2• The 
associated H2 then can enter the plasma via the reciculation flow. 

ions can diffuse towards the arc wall, associate, diffuse back to the plasma and cause 
dissociative recombination. In the following a rough estimation is given of how often this 
process can take place. The mean free path Aiio of the hydrogen atoms in the in the arc is 
of the order of 0.5 mm. If the density profile of the hydrogen is considered to be flat, then 
the main free path of the hydrogen atom is much larger than the gradient length. For this 
reason, the diffusion speed of the hydrogen may be considered as of the order of one third 
of the thermal speed (vlh=15,000 m/s) of a hydrogen atom, which yields a diffusion speed 
of approximately 5000 mls . The expansion speed at the end of nozzle is about 2,000 m/s. 
So, if the process takes place in the whole arc channel (approximately 50 mm long), then 
the hydrogen can diffuse over a distance of 1 mm from and towards the plasma for at 
least 60 times. Therefore, the process may have great influence on the electron density. 
In figure 4.10 the principle of recirculation of hydrogen is explained. The residence time 
in the vessel of a recirculated hydrogen molecule is approximately 1 second. Hydrogen 
atoms coming out of the plasma are not fully pumped away by the vacuum pumps, but 
partly come back in the vessel by a recirculation flow. When the atoms hit the vessel wall 
they can associate with a metal atom with an association energy of approximately 2 eV. A 
following hydrogen atom then can associate with the atom on the vessel wall with another 
association energy of 4.5 e V to a hydrogen molecule which will be picked up by the 
recirculation flow and transported to the beginning of the expansion. The energy gain . of 
2.5 eV, due to hydrogen association minus the wall association, could be used for rovibrat-
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ional excitation of the hydrogen molecule. This energy gain of 2.5 e V is in reasonably 
good resemblance with the in the literature theoretically derived value of 2 eV [JACK]. 
The rovibrational excited molecules can cause a higher electronically excited hydrogen 
atom in the dissociative recombination (equations 2.8 and 2.9). 

The H/1>2 experiments; ion loss in the cascaded arc. 

To indicate the existence of ion loss in the cascaded arc, experiments with injection of 
hydrogen and deuterium were carried out. Important for the quantity of molecular hydro
gen/deuterium in this process is the diffusion speed of the hydrogen/deuterium atoms and 
ions to the wall and molecules from the wall towards the centre. Using hydrogen and 
deuterium in the experiments introduces a difference in diffusion speed v diff. due to the 
mass difference of the two species: 

(4.3) 

The experiments are presented in table 4.1. Each measurement took 36 minutes (12 x 180 
seconds) to achieve a high accuracy in electron density. The position of the arc was kept 
fixed during the experiment and was set on z=l5 mm. This is as close to the arc as 
possible with a reasonable influence of stray light. 

Table 4.1: Electron densities at z=l5 mmfor the hydrogen/deuterium experiments. 

1. Kind of experiment I Measured.ne (m-3
) I 

Pure argon. 5.66 1019 ± 5% 

2% H2 in the arc. 3.59 1019 ± 5% 

2% D2 in the arc. 4.30 1019 ± 5% 

2 % H2 in the vessel. 5.56 1019 ± 5% 

2 % D2 in the vessel. 5.49 1019 ± 5% 

The measurements show in comparison with the measurements in the previous paragraph 
that the electron density is much lower when hydrogen is injected into the arc. Remarkable 
is the fact that, while injection of hydrogen or deuterium in the arc shows a great 
difference in effect on the electron densities, injection of the different gasses in the vessel 
has,. within the error range, no different effects. So, in the vessel the difference in 
diffusion speed of hydrogen and deuterium plays no role on the densities on the axis of 
the expansion. Also remarkable is that, at z=15 mm, injection in the arc has much more 
influence on the axial electron density than injection in the vessel. 
From table 4.1 the ratio of electron densities at z=15 mm for hydrogen and deuterium 
injection in the arc can be calculated: 
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n 
e, D2 arc = 1.20 ± l0% (4.4) 

n e, H2 arc 

Due to the difference in diffusion speed, the D2 associated on the arc wall will penetrate 
less far in the plasma than the H2• Figure 4.11 gives a schematic presentation of the differ
ence in diffusion distance. It shows the cross section of the cascaded arc wherein the 
diffusion area is drawn~ This diffusion area consists, for the hydrogen case out of a ring · 
with a certain width o, surrounding a flux-tube with radius (r-0), with r the radius of the 
arc. For the deuterium case the ring has thickness o/~2 and tube radius (r-8/~2). The 
assumption in this simple mod~l is that the electron density in the flux-tube remains con
stant and that all electrons in the diffusion ring disappear through recombination. No as
sumptions concerning the electron profile in the arc are thus taken into account. This way, 
the total amount of electrons coming out of the cascaded arc is a function of the radius of 
the flux-tube. 
Using the measurements of the pure argon case and the case of hydrogen in the arc, the 
width o can be calculated: 

n 1t"r2 e, pure = 1.57 = __ _ 
ne, H2 arc 7t•(r-0)2 

(4.5) 

With r the cross section of the arc. This yields 0=0.20·r. Now the ratio for electron 
densities for hydrogen and deuterium in the arc can be calculated: 

ne, D2 arc _ 7t"(r-&/2)2 = 1.l6 (4.6) . 
n 7t"(r-o)2 

e, H2 arc 

If this is compared with the above found ratio of 1.20 ± 10% for the measured data then 
the conclusion can be drawn that ion recombination, due to repeatedly hydrogen/deuterium 
association at the arc wall, could take place. the electron density in the plasma expansion 
into the vessel is therefore lower in the case of hydrogen/deuterium injection in the arc, 
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due to a possible ion loss in the arc, than in the case of pure argon or hydrogen/deuterium 
injection in the vessel. Furthermore, the total amount of electrons coming out of the arc, 
and thus the ion-fluence, is smaller in case of H2 injection than in case of D2 injection in 
the arc. 

H2 injection in the arc and in the vessel. 

The H/D2 experiments, discussed above, indicated the existence of dissociative 
recombination in the arc. Further, at the axial position z=15 mm it was found that for the 
case of injection of hydrogen in the arc the electron density decreased compared to the 
pure argon case. The experiment with injection in the vessel showed no significant 
decrease of electron density at z=15. To study the further effects and differences of 
hydrogen injection in the arc and in the vessel, an experiment was set up with axial and 
radial scans of a 2% hydrogen admixed plasma with admixtures in the cascaded arc and in 
the vacuum vessel, respectively. Again profiles for the electron and neutral densities and 
the electron temperature were obtained. The measurements in this experiment have 
improved enormously due to the improvements of the experimental set-up, like the new 
GCR 230 Spectra Physics laser. Compared to the former measurements the scattering on 
the data has been reduced significantly. 
The figures 4.12 and 4.13 show again that the neutral density profiles of both the arc and 
vessel injection experiments are very similar. So, the gas-dynamical features are not 
disturbed by the injection of hydrogen. The axial neutral density profiles deviate slightly 
from the profiles of figure 4.1, but, as the figure shows, still very well resemble. The 
reason for this slight deviation could be the installation of new cathodes in the cascaded 
arc, which could have affected the transport behaviour of the plasma. The radial density 
profiles, as well for the neutrals as for the electrons, in this chapter do not .present the 
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Figure 4.12: Axial neutral particle densities for the experiments with pure argon and 
the experiments with respectively 2% H2 injection in the arc and in the 
vessel. 
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Figure 4.13: Radial neutral densities for injection of H2 respectively in the arc and in 
the vessel. 

right profile shape, because of calibration problems during the measurements. The central 
densities are absolute. However, the edge densities are not, because here the calibration of 
the central densities had to be used for both the experiment of hydrogen injection in the 
arc as in the vessel. The problem that occurs is that at the edge the stray light is higher. 
The density profiles can. still be compared, because for both experiment the same error 
was made. 
The electron density profiles are presented in figure 4.14 and 4.15. The improvements of 
the measurements can easily be noticed if they are compared with the measurements in the 
figures 4.3 and 4.5. In figure 4.14, also the axial electron densities of the pure argon 
plasma of figure 4.3 are given. The discussion of the electron density profiles will take 
place in two parts. Firstly, the supersonic part will be discussed. Important in this part are 
the initial density decrease in the cascaded arc and the radial density decrease, both in the 
case of injection of hydrogen in the cascaded arc. Secondly, the density decrease in the 
subsonic expansion, caused by recirculation of hydrogen, will be treated. 
For. the arc injection experiment, the initial decrease due to dissociative recombination in 
the arc, discussed in the former paragraph, can be seen by the density decrease in the 
supersonic expansion and, most clearly, at the minimum before the shock front. An axial 
Ashkenas fit, figure 4.16, shows that for all three cases this part obeys the supersonic 
adiabatic Askenas expansion of formula 2.2 with nozzle diameter D= 4 mm. This indicates 
that possible external input of hydrogen molecules, due to recirculation flows, does not 
reach the centre of the supersonic expansion to cause a decrease of the electron density 
and to affect the axial Ashkenas profile. However, the radial profiles in figure 4.15, in 
resemblance with the measurements in figure 4.5, show that on the outside of the expan
sion an extra decrease of the electron density can be seen. Remarkable is that this decrease 
is less pronounced in the case of injection in the vessel, which is seen by the lower 
electron density gradient in figure 4.15. There are a few possible reasons for the difference 
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The first could be that the recirculation of hydrogen is more effective in the case of arc 
injection. Fewer of the injected hydrogen in this case gets pumped away and therefore a 
bigger part could participate recirculation. The recirculated hydrogen molecules could 
cause dissociative recombination which then causes the higher electron density gradient at 
z=20 mm. 
Another reason could be that the electron density profile in the cascaded arc, with very 
high gradients at the edge of the H2 diffusion area caused by dissociative recombination, 
does not effectively get mixed at the end of the cascaded arc. This way the faded shape of 
the sharp edged density profile of the arc can still be seen in the early expansion before 
the shock wave. In the case of injection in the vessel the arc profile is not affected and 
therefore neither is the electron density in the beginning of the expansion. 
A third reason is the presence of hydrogen molecules coming out of the cascaded arc ·at 
the periphery, the edge, of the expansion. A part of the associated hydrogen at the arc wall 
does not participate in the charge exchange reaction followed by dissociative 
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recombination in the cascaded arc, but enters the vacuum vessel at the periphery of the 
expansion. Here it still can cause the dissociative recombination and affect the electron 
density profile at the edge. 
Non of the possibilities can be excluded in this stadium;i.e., no definite answer can be 
given on whether the density decrease at the edge is caused by processes in the cascaded 
arc or in the vacuum vessel. However, the indication of the existence of hydrogen 
recirculation in the vacuum vessel will be given using the behaviour of the plasma in the 
subsonic part further on in the expansion. Figure 4.14 shows that beyond the shock wave 
the electron density in the two cases of hydrogen injection decreases far more rapidly than 
in the case of pure argon. A plot of the measured axial ionisation degree ~ (figure 4.17), 
which is defined by formula 4.7: · 

ne 
~=-, 

n +n o e 

(4.7) 

shows that this ionisation degree remains more or less constant for the first part of the 
expansion for all three cases of pure argon and the hydrogen/argon mixtures (2% H2). In 
formula 4.7 flu is the axial neutral and ne the axial electron density. After the shock front, 
however, the figure shows that the electron density ratio decreases rapidly, when H2 is 
injected either in the vessel or in the arc. In reference [GRAA] is found that in the pure 
argon case the decay of the electron density can fully be explained with the broadening of 
the expansion in the subsonic part, were the density is spread out over the radial expan
sion. Thus, the anomalous decrease when hydrogen is injected can not be explained with 
normal three particle recombination, because this recombination would also take place in 
the pure argon case. Therefore, this additional ion loss must be ascribed to an external 
recombination source like dissociative recombination due to hydrogen recirculation. 
In the subsonic expansion, dissociative recombination due to hydrogen recirculation seems 
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to have the same effect on the electron density for both H2 injection in the vessel as injec
tion in the arc. This is indicated by the logarithmic gradient of the electron densities 
between z=70 and 300 mm in figure 4.14. As can be seen, this gradient is the same for 
both cases. An estimation of the hydrogen molecule density at the axis of the subsonic 
part of the expansion for both cases can be made when equation 4.2 is used. The H2 

density can be derived from this equation: 

(4.8) 

The axial expansion speed Uz is approximately 600 rn/s and the axial hydrogen density is 
considered constant. If the .axial electron densities of both the arc as the vessel injection 
experiment at the position z=70 mm and z=300 mm are used (arc: fle.z=70=1.65·1019 and 
ne.z=300=1.11 ·1018, vessel: ne.z=70=3.65·1019 and ne.z=300=2.46·1018, all in m·3

), with !z=0.230 
m, then the axial H2 density beyond the shock for both cases (2% H2 injection) is: 

nH = 6.4·1018 m -3 
2 

This very well resembles the central density of H2 of 3·1018 m·3 derived with the same 
method in reference [MEULl] for a 0.7% hydrogen injection in the arc. The axial H2 
density of 6.4·1018 m·3 can be compared with the H2 density outside the periphery of the 
expansion in the vacuum vessel. For a 2% H2 injection this density is expected to be 2% 
of the partial pressure which equals the back ground pressure in the vessel of 0.4 mbar. 
Using the ideal gas law, with a temperature at the periphery of 1500 K, this yields a H2 

density of about 4·1019 m·3
; a factor of 6 higher than the axial H2 density. This confirms 

the loss of hydrogen molecules through charge exchange and implies the following 
electron loss due to dissociative recombination. 
The electron temperatures derived from these measurements are presented in figure 4.18 
and 4.19. Due to the installation of the new laser, the reduction of the common mode on 
the laser pulse signal (appendix A) and the stray light reduction, the scatter on the 
measurements has been reduced. The measurements show again that the position of the 
minimum in temperature is not at z=40 mm but at the, also in paragraph 4.1, found z=20 
mm. According to the neutral gas dynamics the temperature shock should be at the same 
position as the density shock, e.g. minimum at z=40 mm. However, due to plasma 
physical effects, i.e. current generation before the shock, the electron temperature is raised 
earlier [SANDI]. Fabry Perot measurements of the neutral temperature have shown that 
the neutral temperature minimum is at the normal gas dynamical position z=40 mm 
[MEUL3]. 
The electron temperatures of the measurements show that the temperature for the 
experiment with hydrogen injected in the arc is in general lower than for the vessel 
injection experiment. This lower electron temperature must be explained with loss of 
heating efficiency in the cascaded arc. 
An important source of temperature increase in the cascaded arc is three particle 
recombination (formula 2.5). Three particle recombination yields a free electron which can 
obtain thermal energy through the energy gain <l>rec.3, and therefore increase the electron 
temperature: 

(4.9) 

where <l>rec,3 represents the 'energy gain per second and Erec.3 the energy gain per 
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recombination process (Erec.3 is 0.15 times the ionisation energy of argon, [SAND2]). If the 
electron density would decrease, than the heating due to formula 4.9 will be less efficient. 
However, despite the electron loss due to dissociative recombination in the cascaded arc, 
this mechanism can not cause the temperature decrease. The reason for this is the strong 
temperature dependence of Krec,3, i.e. T 912 (see formula 2.6). The central temperatures are 
2000 and 1500 K for respectively the experiment with injection in the vessel and in the 
arc. This temperature decrease causes an increase of energy gain <l>rec.3 by a factor of 2, 
which means that the plasma is heated instead of cooled. So, there must be other mechan
isms that cool the plasma. 
One of the mechanisms that could cause a temperature decrease is the transfer of thermal 
energy of electrons to rovibrational energy of H2: 

(4.10) 

In which AE is the energy loss of the electron. The electron temperature may thus 
decrease due to possible thermal energy loss of the electrons by this reaction. Only for the 
experiment with injection of hydrogen in the arc, hydrogen molecules are available, and 
therefore the process can only cause a temperature decrease in this case. 
Many other processes could cause the temperature decrease in the plasma when hydrogen 
is injected in the arc. However, further discussion of this subject lays beyond the scope of 
this report. 

5 Discussion and conclusions. 

5.1 Comparison of old and new measurements. 

The idea behind changing the Thomson-Rayleigh set-up was to achieve better measure
ments. The higher.laser power of the GCR 190 laser and the narrowing of the entrance slit 
of the polychromator are the biggest changes, which were to yield more accurate results. 
Figure 5.1 shows axial measurements of the electron density done with the old and 
respectively the new set-up. Both the old and new measurements were carried out under 
the same experimental condi~ons (table 3.1). The earlier measurements are taken from 
reference [MEULl]. The figure shows that the new measurements have a deeper shock 
and a higher onset of the density. This means that the new set up was probably in better 
alignment, i.e. the (x,y)=(0,0) position was probably better determined (for the meaning of 
x and y, see figure 3.1). The measurements were done more in the centre of the expansion 
than the old measurements, which yields higher densities in the beginning and a deeper 
shock-wave. In the subsonic part of the expansion the radial density profiles are so broad 
that the differences are faded out. 
However, the new measurements of the electron density show more scatter in the 
measured data. The measurements of the electron temperature show far more scatter than 
in earlier measurements. So initially, the new set-up did not improve the accuracy of the 
measurements of the electron density and temperature. The reasons for this are discussed 
in chapter 3.3. The main reason is that the laser did not yield the required increase of 
power. Further reasons were the disturbance on the laser pulse signal (the common mode 
discussed in appendix A), the instability of the laser, and. later, the increase of stray light 
due to the broken laser dump. The measurements of the neutral densities however, 

32 



o pure argon: old; 

+ pure argon: new. 
rll' + :s 1020-: ea 

>. : 
~~ ..... . ..... 

rn 

= ~ ++~~o aJ 0 'O + + + 0 0 + 
= g +.f4 + + 0 0 + 

+ 0 0 ~ u 1019_ aJ + 'i) 

. 

1018--~~.~--~---.--.-----..~--~--.~--~---.---. . .....---..~--t 

Figure 5.1: 

0 100 200 300 400 500 

axial position (mm) 

Axial neutral densities carried out with the old respectively the new set
up. Note the higher onset and the deeper shock of the new measurements. 

improved enormously. The narrowing of the apparatus profile from 0.5 to 0.3 nm made it 
possible to improve the determination of the scattering parameter a [SANDI]. This 
parameter determines the coherence of scattering by electron; i.e. whether light is scattered 
by free electrons or interacts with shielded charges. The interaction of these charges 
mainly influences the top of the Thomson scattering profile (figure 2.3);. a higher scatter
ing parameter yields a higher top of the scattering profile. So, with a narrower apparatus 
profile, the top of the Thomson profile can be determined more accurately, and therefore 
the surface of the Rayleigh profile can also be subtracted more accurately. The electron 
density and temperature determination will be less improved by a better determination of 
a, because the Thomson profile is broader than the Rayleigh profile. Therefore, the 
surface and the width of the Thomson profile will be less influenced by a more accurate 
determination of a. 
The Thomson-Rayleigh set-up was therefore further improved. The last changes of the set
up did improve the Thomson measurements enormously. The new GCR 230 Spectra 
Physics laser yielded much better results for the electron density and temperature, as can 
be seen in the former chapter, figures 4.14, 4.15, 4.18 and 4.19. The measurements of the 
electron temperature still show a bit of scatter. The reason for this is the enormous 
sensitivity of these measurements to the stray light measurements which are subtracted 
from the Thomson measurements (appendix B). 

5.2 Recombination mechanisms. 

In chapter 4, paragraph 2, the mechanisms are discussed which cause the ion loss when 
hydrogen is admixed to the plasma. The conclusion yielded from this discussion is that the 
dissociative recombination after associative charge exchange of a hydrogen molecule and 
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an argon ion forms the main recombination source. This dissociative recombination takes 
place (1) in the cascaded arc by association of hydrogen at the arc wall before the plasma 
enters the vacuum vessel, and (2) by recirculation of hydrogen molecules in the vessel 
after association of H at the vessel wall. The first mechanism causes an initial ion · 1oss at 
the onset of the expansion and the second mechanism affects the electron density all over 
the expansion. It is assumed that in the supersonic part, the first part, of the expansion the 
recirculated hydrogen does not influence the central electron density, but only influences 
the density at the edge of the plasma jet. Optical emission spectroscopy (OES) [SANDI] 
of hydrogen Balmer lines carried out by Box [BOX] give the same indication. This tech
nique enables the determination of the excited state densities of the hydrogen levels p=3, 
4, 5 and 6 (p indicates the electronically excited level). The OES measurements of Box 
were carried out with the same cascaded arc set-up using the same axial position z=20 mm 
as was used during the radial electron density measurements in chapter 4.2. 
The source of the hydrogen excited states, measured with the OES, is either the three 
particle recombination of hydrogen ions, in the case of hydrogen injection in the arc, or 
the dissociative recombination of ArH+, which can occur for both injection of hydrogen in 
the arc and in the vessel. Three particle recombination is able to produce all electronically 
exited hydrogen states, while dissociative recombination of non-rovibrational excited ArW 
only produces p=2. Rovibrational excited ArH+ with rovibrational energy of at least 2 e V 
is needed to produce higher exited hydrogen states with dissociative recombination. Exited 
rovibrational states of ArW can either be formed by the exothermity of the charge 
exchange of H2 and argon ions, or by vibrational energy transfer from already rovibra
tional excited H2 to ArH+ (formulas 2.8 and 2.9). However, to produce p~3 with 
dissociative recombination, extra rovibrational excitation is needed. These rovibrational 
hydrogen molecules are produced during the association of hydrogen atoms at the vessel 
wall. The association energy of the stainless steel of the vessel and a hydrogen atom is 
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approximately 2 eV, while the association energy of hydrogen atoms equals 4.5 eV. The 
net energy left for rovibrational excitation of H2 is thus 2.5 eV. This simple subtraction 
resembles the 2 eV found theoretically in the literature quit well [JACK]. 
The OES measurements of the radial density profile of f\=3 can be used to give a first 
order approximation of the influence of three particle recombination in comparison with 
dissociative recombination. As explained above, f\=3 exited states can only be formed by 
dissociative recombination when the ArH+ is rovibrationally exited. For reason of 
simplicity, we assume that ArH+ can only be excited by a rovribrational energy exchange 
with excited H2 during the charge exchange. In the following calculation the measure
ments of a plasma with injection of hydrogen in the arc are used. Under the above 
conditions the particle balance of excited f\=3 neglecting the transport term yields: 

(5.1) 

where n indicates densities of e·, W, Ar+, rovibrational excited H2 and electronically 
excited f\=3• The rovibrational excitation of H2 is indicated with the superscript (v ,J). For 
plasma physical reasons the density of H+ is considered 1175 of the argon ion density for a 
2% seed fraction of H2 in the arc [BOX]. The left hand side represents the production of 
excited Hp=3 of which Krec,3 is the rate constant of three particle recombination of H+ out of 
the cascaded arc. For T=1500 K this strongly temperature dependent rate constant is 
approximately 1.?·10·35 m6s·1 (formula 2.6). The second term on the left hand side is the 
dissociative recombination following associative charge exchange of rovibrational excited 
hydrogen and an argon ion, of which the charge exchange determines the reaction speed: 
Kdiss.rec.= 1.1 ·10·15 m3s·1 (formulas 2.8, 2.9 and 2.10). The right hand side is the loss term 
of the Hp=3 which equals the production. This loss term represents radiation deexcitation of 
p=3 to p=2 and 1. The probability of the deexcitation is A3""2•1= 9.99·107 s·1

, while the 
plasma is optically thin for 2% seedings of ffi. Using the OES and the Thomson measure
ments for the 8r=3 and electron density respectively, one can derive the density profile of 
the rovibrational excited hydrogen molecules: 

(5.2) 

Figure 5.2 shows the result of which the right side is actually measured, and the left side 
is mirrored. As can be seen, the density of H2 <v.J> in the centre of the plasma at z=20 
decreases below significant values. So, in the centre of the plasma the three particle 
recombination is dominant over dissociative recombination with rovibrational excited H2• 

At the edge however, Ht.J> certainly is significant. 
Despite the fact that the ratio of excited hydrogen molecules and hydrogen molecules in 
the ground state is not known, the insignificance of the excited hydrogen molecules in the 
centre of the plasma is an indication for the dominance of three particle recombination 
above dissociative recombination with (non)rovibrationally excited hydrogen in the centre 
of the plasma jet at z= 20 mm. However, at the edge, the significance of H2 <v.J> indicates 
that dissociative recombination after charge exchange is a significant process. No 
conclusion can be drawn whether this is caused by recirculation of hydrogen in the 
vacuum vessel or by a slight hydrogen molecule flow out of the cascaded arc. 
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5.3 Conclusions. 

The aim of the installation of a new laser was to improve the Thomson-Rayleigh meas
urements. With the installation of the OCR 190 Spectra Physics laser, the quality of the 
electron density and temperature measurements got worse. The neutral densi_ty meas
urements, however, improved due to the narrowing of the entrance slit of the poly
chromator. After the installation of the OCR 230 laser, also the electron density and 
temperature measurements improved. The detection limit of the electron density remains 
10•8 m·3. 
From the measurements of chapter 4.1 may be concluded that the gas dynamical features 
of the neutral particles in the plasma does not get affected when up to 10% of hydrogen -is 
injected in the cascaded arc. The radial and axial Ashkenas fits of the electron density in 
this report justify the assumption that the expansion is almost adiabatic and that the ion 
expansion is strongly coupled to the neutral particle expansion. 
Experiments with up to 10 vol. % injection of hydrogen in the cascaded arc showed an 
anomalous decrease of the electron density; no electron density could be measured when 
10% hydrogen was admixed to the plasma in the cascaded arc. So, the electron density in 
this case is below the detection limit of 1018 m·3 of the Thomson-Rayleigh set-up. It is 
assumed that this anomalous ion loss is caused by dissociative recombination after charge 
exchange between a hydrogen molecule and an argon ion. 
For further study of the recombination processes, experiments were carried out which 
could indicate where the fast recombination takes place and which processes cause it. 
Experiments with respectively 2% hydrogen and deuterium in the cascaded arc, based on 
the mass difference of the two species, indicated that an initial ion loss already takes place 
in the cascaded arc. This loss is caused by dissociative recombination in the arc after 
charge exchange of hydrogen and argon ions. The source of the molecular hydrogen 
needed in this reaction is the association of hydrogen atoms and ions at the arc wall. 
Next to initial ion loss in the cascaded arc, the experiments with hydrogen injected in 
respectively the arc and the vessel 
showed that ion loss also occurs in the vacuum vessel. It is made assumable that the ion 
loss is caused by dissociative recombination. Here, the source of the molecular hydrogen 
also is the association of hydrogen atoms but now at the vessel wall. The associated 
hydrogen molecules are transported to the plasma expansion via a recirculation flow in the 
vacuum vessel. ' 
The injection of hydrogen, firstly in the arc and then in the vessel, also showed the initial 
electron density decrease in the centre of the supersonic expansion. But next to this central 
decrease they also showed a difference in the radial electron density profiles. The experi
ment with hydrogen injection in the arc showed larger gradients in these profiles. This 
indicates that here an additional i~n loss occurs. In this report could not be found out 
whether this loss either is caused by a recirculation flow of hydrogen in the vessel, or is 
caused by a slight flow o.f hydrogen molecules out of the cascaded arc, or is a remainder 
of the narrowing of the electron density profile in the cascaded arc. Also other, not yet 
known of, processes could be a reason for the decrease at the edge. 
The conclusions drawn in this. report are all limited by the fact that the source of the 
anomalous recombination could not be measured. If it would be possible to measure the 
hydrogen molecule density in the expansion then more definite conclusions could be 
drawn. In the past hydrogen molecule densities already have been measured by means of 
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depolarisation Rayleigh scattering. But this method is of no use for the low hydrogen 
densities used in this report for the simple reason that the detection limit of this method is 
too high. A method that might be able to measure hydrogen molecule densities of 10:8 to 
1019 m-3 is Coherent Anti-Stokes Raman Scattering (CARS). In the future, experiments 
with a CARS diagnostic are therefore going to be carried out. Hopefully, this diagnostic is 
going to yield information that reveals where hydrogen causes the anomously dissociative 
recombination. 

Dankwoord! 
Marc: 'Het was een hele klus enzo ... .' 
Verbaasde leser: 'En helemaal in het engels ook nog. Knap hoor! Hoe speel je het klaar 
om zo'n heel verslag vol te schrijven in zo'n vreemde taal?' 
Marc: 'Ach, als mijn nederlartts net zo goed zou zijn als mijn engels, dan had ik het wel 
in het nederlands ·geschreven.' 

Mijn studie zit erop ... Ik word.X haast emotioneel; ik ben emotioneel. Dus laat ik maar snel 
iedereen bedanken, want iedereen wil toch graag in een dankwoord staan, niet dan? 

Ralph, Richard, Marco, Jan, Richard, Herman, Bertus, Daan, Joost, Pap, Mam, Wendy, 
Vivian, Marc, Ramon, Arnold, Anne, Stef, Johannes, Sandra, Katinka, Harm, Frank, J~, 
Stefan, Esvb, Natash do ceu, Rob, Tracey, Ron, Jos, Tremacush (of zoiets), Henry, Roelof, 
Marco, Mark, Joost, Annemarie, Yvonne, ....................... .* 

Marc Beurskens d.d. 8 au& 1994. 

* Deze lijst is niet volledig en dient dan ook niet als dusdanig beschouwd te worden. 
Schade (lichamelijk of geestelijk) van welke aard dan ook zijn voor eigen verantwoord
elijkheid van de lezer. 
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Appendix A 

Common mode disturbance. 

In chapter 3.3 is mentioned that a disturbance on the Q-switch synchronise exit of the 
laser, which is used as a start pulse for the laser, caused a disturbance on the Thomson
Rayleigh data read from the optical multichannel analyzer (OMA) via an analog/digital 
convertor (ADC) (figure A. I). The reading of the OMA data, which is serial (pixel by 
pixel), takes approximately 20 µs, while the disturbance on the Q-switch exit of the laser 
has a frequency equal to the laser pulse frequency, namely 50 Hz. This means that also 
the disturbance occurs every 20 µs. Figure A.2a and b give a two examples of the 
disturbance on the Thomson-Rayleigh data. Depending on the relative time between the 
start of the reading of the OMA data and the start-pulse of the laser, the disturbance 
appears somewhere in the range of pixel numbers (300-800). If it appears on the position 
of a Thomson-Rayleigh measurements, it can cause a wrong interpretation of the data. 
The disturbance on the Q-switch exit has proved to be a common-mode. Such a common 
mode has the property to transmit through the core as well as through the shield of a coax 
cable in the same direction. Therefore is chosen for a electrical circuit between the Q
switch exit and the ADC which extinguishes the common mode, but leaves the normal Q
switch signal unchanged (figure A.3). Figure A.2c gives an example of a measurement for 
which the common mode is extinguished. 
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The disturbance on the signal is caused by a disturbance on the Q-switch 
sychronise exit of the laser. 
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Figure A.2: a and b (upper two): 
Thomson-Rayleigh scattering 
measurements before extinction of 
the common mode disturbance. c 
(lower one): Thomson-Rayleigh 
measurement after the installation 
of electrical circuit A.3; The 
disturbance has been extinguished 
completely. 
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The electrical circuit which is installed on the Q-switch synchronise exit 
of the laser to extinguish the common mode disturbance. 
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Appendix B 

Sensitivity of the temperature. 
In chapter 3.3 is mentioned that the electron temperature is sensitive to the amount of 
scatter of non-Doppler shifted light. As an example, measurements of the radial density 
experiment of chapter 4.2 are used. In figure .B.1 two graphs are shown. Both the graphs 
are of the same Thomson-Rayleigh measurement, but with subtraction of different stray 
light measurements. Figure B.la shows the Thomson Rayleigh measurement at the radial 
position x=9 mm and z=20 mm, with stray light correction measured at x=l5. Figure B.lb 
shows the same measurement at x=9 mm with a stray light measurement at x=O mm. 
Because the stray light from the arc at x=15 mm is higher than at the radial position x=O, 
the Rayleigh peak is lower in this case. Thus, for the neutral densities it is very important 
to use the correct stray light measurement. The electron density and temperature are not 
expected to be dependent on the stray light measurement, because for these parameters 
only the width and the surface of the Thomson peak are important. However, determi
nation of the temperature with the use of the fit procedure of [JANS], yields an electron 
temperature of 2455 K for the first case and a temperature of 1035 K for the second case, 
while the electron densities for the two cases are 1.1 ·1019 m-3 and 9.8·1018 m-3 respect
ively. So, the temperature is very sensitive to the stray light measurement, while the 
electron density is not. The reason for this could be that the top of the Thomson measure
ment is important for the determination of the width of the profile. The surf ace of the 
profile, however, does not strongly depend on this top. This explains the difference in 
sensitivity of the density and the temperature because the stray light measurement does 
only influence the top of the Thomson profile. 
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Thomson-Rayleigh measurement at x=9, z=20 mm with different stray
light correction measurements; one at x=O and one at x=l 5 mm. 
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