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Chapter 1. Introduction

Nowadays expanding plasmas are widely applied to a plasma processing, such as gen-
eration of thin films [1] and preparation of various cluster materials [2]. And the methods
for the diagnostics about them are examined and developed eagerly from the fundamental
viewpoint [3-4]. In order to measure various plasma parameters, such as electron temper-
ature and density, spectroscopic observations are convenient [5-6]. When the plasma is
applied to the studies on the recombination lasing [7], it is essential to examine the popu-
lation densities of the laser upper levels and of the lower levels in the plasmas by means of
spectroscopic analysis. We have an excellent monochromator in an ultra-violet and visible
wavelength region which is calibrated absolutely in our laboratory [8]. Plasmas are not
perturbed by spectroscopic observations, which is most different from a probe analysis
and advantageous. Diagnostics of the plasmas by various probes, such as a Langmuir
probe [9], are also convenient and suitable to scrutinize the spatial distribution of the
plasma parameters because of its spatial resolution [10]. But the measurement by probes
is inevitably accompanied by considerable errors, say, factor 2 — 10, and the explanation
of the data is difficult when a magnetic field is applied [11] or the plasma is in a high speed
jet [12]. At that time, spectroscopic observations are preferable to the probe analysis. In

general, spectroscopic observations will show more exact data than the probe method.

Apart from plasma processing, another interesting potential of expanding plasmas is an
application to a lasing medium [7]. The plasma comes into a recombining phase when it is
expanded due to an adiabatic expansion or some other reasons. The electron temperature
becomes low, and the population inversion is expected to occur between the excited level
pairs of atoms and ions in the plasma [13]. About three decades have passed since one
of the earliest proposals was made that a cold recombining plasma would be applied to
a lasing medium [14]. Since then, many experiments [15-25] and theoretical calculations
have been performed [26—29], and the conditions for generating population inversions have

been discussed. Especially, the researches in USSR had been continued eagerly from the
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fundamental viewpoint [14, 30-40]. Recently many authors have examined the potential
for lasing experimentally by pulsed laser-produced recombining plasmas to create short
wavelength lasers [41-43]. Nowadays, the wavelength of recombination pumping lasers
covers the VUV (vacuum ultra violet) and XUV (extreme ultra violet) region. In the
nuclear engineering, the recombining plasmas are also expected to become a coherent
light source in the X-ray wavelength region [44]. Extensive researches and development
have been carried out in many institutes in order to create X-ray lasers using recombining
plasmas [45-48].

As for the pumping methods of X-ray lasers, two schemes are being developed now.
One is a collisionally pumped X-ray laser, in which the orbital electrons are excited
through collisions with high energy electrons in a high-temperature plasma. The pumping
scheme 1s illustrated in Fig. 1.1 [49]. Multi-charged ions of a closed electron shell, such
as Ne-like ions (2p°) and Ni-like ions (3d'°), are used as ground states. Population
inversion is created between the level pairs with the same principal quantum number in
this collisional excitation pumping scheme (AN = 0). The other is a recombining plasma
X-ray laser, where multi-charged ions of light atoms of high density in a recombining
state are used in a cold plasma. A pumping mechanism of a recombining plasma X-ray
laser of Li-like Al ion is illustrated in Fig. 1.2 [50]. In this scheme, the multi-charged
lons recombine mainly through three-body recombination processes, which makes the
recombined ions into high-lying excited states dominantly. In these high-lying levels,
electrons depopulate these high-lying levels through the collisional de-excitations with
free electrons. On the other hand, in the low-lying excited levels, radiative decay process
becomes very dominant. Therefore, the population inversion is created between the levels
with the different principal quantum numbers (AN = 1 — 2). When we compare these
two pumping schemes in the same laser wavelength, the recombination pumping is more
efficient than the collisional pumping. Therefore, the recombination pumping is expected

to be an X-ray laser of high-efficiency.
In addition to the technological point of view, expanding plasmas are also interesting
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from a fundamental aspect. Electrons, heavy charged particles and neutral species will
move in a different way, especially in a magnetic field. Each particle will be separated,
which results in another electric field. The consequent electromagnetic field will deter-
mine the movement of the charged particles. Moreover, it is considered to exist many
kinds of atomic elementary processes in the expanding plasmas, such as radiative recom-
binations, three-body recombinations, excitations and deexcitations by electron collisions.
Such atomic processes interact with magnetohydro dynamic properties of the plasma, for

example, variations of electron temperature and density [51-53].

In the field of nuclear fusion engineering, examinations of a recombining plasma are
significant because they tell us much knowledge on atomic processes in a boundary plasma
such as a divertor plasma of a nuclear fusion reactor [54]. There exist recombining plasmas
of hydrogen, deuterium, tritium and helium in a boundary area of a fusion reactor [13].
Studies should be made on the effective cooling of these recombining plasmas using atomic
processes in the plasma, such as an effective remote radiative cooling, which leads to the
decrease of the heat flux onto the first wall of a nuclear fusion reactor [55,56]. The
effects of the applied magnetic field, the background pressure and species of a target gas,
should be investigated quantitatively, because it gives us suggestive information on the
designing of the divertor in the future. Recently a gas target divertor is often discussed
as a divertor of ITER (Intermational Thermonuclear Experimental Reactor [57,58]). If
the remote radiative cooling is localized in the divertor, the cooling of it is effectively
accomplished without contaminating the core plasma. Basically, it is considered that
the high collision frequency and the short mean free path will prevent the core plasma
from being cooled. Although, at present, it seems difficult to cool the plasma without
increasing impurities in the main plasma by a gas divertor, it should be emphasized that
we should examine the possibility of the gas contact cooling of the divertor plasma. It is
one of the effective methods to decrease the thermal load onto the divertor plate, where

the engineering design is one of the most critical problems in ITER [58].
We developed an apparatus that produced an arc-heated magnetically trapped ex-
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panding plasma jet, where an arc-heated thermal plasma was continuously spouted from
a small nozzle of ~ 1 mm diameter into a large rarefied gas wind tunnel with a parallel
magnetic field, for the purpose of applications of a thermal and a recombining plasma [59].
At first, the apparatus was applied to a chemical engineering, such as a cluster preparer,
and we generated rare gas plasmas [60,61]. Then, we examined the spectroscopic charac-
teristics of the plasma, and measured the population densities of some excited states of
He 1. In consequence, population inversions were observed between several excited states
[59]. In addition, when a certain amount of hydrogen gas was mixed into a discharging
helium gas, it was found that a stable hydrogen expanding plasma was generated [62].
Hence, these plasmas are expected to show us fundamental knowledge on the character-
istics of recombining hydrogen and helium plasmas. It is expected that the plasma jet
can simulate a boundary plasma of a nuclear fusion reactor. It is also expected that the
effective methods are examined in order to cool recombining plasmas rapidly in a divertor
region in a nuclear engineering, and in order to create large population inversions with

this apparatus in a laser engineering.

A number of papers have been published with regard to the spectroscopic study on
the plasma of a divertor simulator, such as TPD-I,II of National Institute for Fusion
Science [17, 18, 63-65], NAGDIS-I of Nagoya University [66], MAP of Tokyo University,
PISCES-A,B of UCLA [67] and PSI-1 of IPP/Berlin [54]. The plasmas in our apparatus
1s generated by an arc discharge, hence its electron temperature 7. is about 1 — 2 eV
and electron density ne is about 10’7 cm™ before the expansion, and 7, ~ 0.1 €V and
ne = 10'* em™ in the expansion area [59, 61]. Although the electron temperature in
the expansion area is a little lower than that in the various foregoing simulators, the
expansion ratio of the neutral particles is much larger (~ 10* — 10%). The conductance
of the plasma expansion area is very large, and it has a large pumping speed (10 m?® /s at
107? — 10 Pa). In addition, the velocity of the plasma Jet 1s Considered to be supersonic

[62], which is also one of the features of our plasma generator.
As is explained above, the specifications of our apparatus is rather unique, therefore it
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is expected that new ideas will be shown to cool recombining plasmas of hydrogen, deu-
terium and helium efficiently. The main purpose of this thesis is to clarify the conditions
to cool the recombining plasmas effectively and rapidly. From that point of view, we
investigate the characteristics of the plasmas in our apparatus “Arc-heated magnetically
trapped expanding plasma jet generator”, mainly by spectroscopic observations [68]. In
chapter 2, we describe the design of this apparatus, and the basic characteristics of the
plasma generator [59]. Then, we discuss the strength of the magnetic field which is re-
quired for stable generation of the plasmas‘. Possible applications to the cluster preparer

of the apparatus are also shortly discussed.

The second purpose of this thesis is to discuss the potential for the cw lasing by
recombining plasmas. As is mentioned so far, a number of spectroscopic observations of
expanding plasmas have also been performed in this field. However, when the plasma was
expanded in a lower pressure chamber, the magnetic field had seldom been applied. And
1t was numerically shown that the electron density should not be too low to create large
population inversion, although the electron temperature should be as low as possible (28,
29]. In addition, the velocity of the plasma jet should be as large as possible because
the neutral particles should be cooled rapidly. In this study, we examine the conditions
to keep the electron density appropriate in cooling the electrons. We discuss the effect
of the magnetic field and the background pressure on the plasma parameters [68]. This
is one of the fundamental physics of developing cw recombination lasers, which will be

applied to a short wavelength laser pumped by recombining plasmas in the future.

From that point of view, in and after chapter 3, we discuss the effects of experimental
parameters, such as an axial distance from the nozzle, the magnetic field and the pressure
in the plasma expansion area, on the various plasma parameters like T, and n.. We will
discuss helium plasmas in chapters 3 and 4, hydrogen and deuterium plasmas in 5, argon
plasmas in 6. For helium plasmas, we take two chapters. Chapter 3 mainly deals with
the experimental results and discussions [68], whercas chapter 4 deals with the numerical

calculations using a collisional radiative model of He 1 that we modified slightly [69].
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We discuss experimental results of the effect of the magnetic field and the pressure in
the plasma expansion area on the electron density, temperature and the populations of
excited states of He 1 in chapter 3. As will be shown later, the generated helium plasmas
are optically thick for the transitions to the ground state, and it is very difficult to
generate optically thin helium plasmas by this apparatus. This is indirectly confirmed by
the experimental examinations of the radial profile of the population densities of some
excited states.

In this thesis, the theoretical analysis is performed in terms of atomic processes, and
we use a collisional radiative model. The population densities of excited states in the
plasma can be calculated with the model as functions of the electron temperature and
density. We modified the customary collisional radiative model slightly for an expanding
recombining helium plasma in which an optical thickness cannot be neglected, which
is explained in detail in chapter 4. We discuss the background pressure required for
the laser oscillation quantitatively in chapter 4. The mechanisms of forming population
inversions are also discussed in terms of atomic processes. Likewise, the experimental and
numerical examinations are described for hydrogen and deuterium plasmas in chapter 3,
and for argon plasmas in chapter 6 [70]. Although it seems that an argon plasma is not
important in a nuclear fusion engineering, its cooling property is somewhat different from
the plasmas of helium and hydrogen. It is worth while to examine the variation of the
electron temperature of the argon expanding plasma since it suggests one of the common
methods of cooling any plasmas. Finally, summary and conclusions are described in

chapter 7.
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Chapter 2. Experimental Apparatus, an Arc-heated Magnetically Trapped

Expanding Plasma Jet Generator

2.1 Introduction

Nowadays a thermal plasma generated by an arc discharge is commonly applied to
many fields of engineering, because it is easily and economically produced and its flow has
a very high enthalpy [71]. Its applications are, however, limited mainly to a heat source
such as a welder up to the present time. Various engineering applications should be de-
veloped, taking advantage of its characteristics as a plasma [72]. In thermal plasmas, ions
and atoms as well as electrons are efficiently heated into a state of thermodynamic equi-
librium where the temperature is more than 1 —2 eV. It is different from non-equilibrium
plasmas generated by a glow discharge in a low pressure space, where the ion temperature
is much lower than the electron temperature [61]. When a thermal plasma of an atmo-
spheric pressure is spouted into a lower pressure vessel, a stationary recombining plasma
should be produced and a control by a magnetic field becomes possible. Because charged
particles as well as neutral ones diffuse into various directions by frequent collisions in
thermal plasmas of an atmospheric pressure, the magnetic control of the plasma seems to
have been considered to be léss interesting. They are, in general, stabilized by the flow

of the feeding gas [73].

In a nuclear engineering, an examination of a stationary recombining plasma is im-
portant because it gives us much information on atomic processes of a divertor plasma of
a nuclear fusion reactor, and it is used to investigate interactions between a plasma and
the first wall of the reactor [54-58]. Of course, as described in the previous chapter, it
will be useful to examine the cooling properties of the plasma under various conditions.
In a chemical and material engineering, such a plasma is fundamentally significant as
a radical source to prepare extraordinary materials which cannot be synthesized under

normal chemical operations. If the thermal plasma is heated enough to vaporize the elec-
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trode materials, they may become even monoatomic in the plasma. When the plasma
is made to be expanded rapidly, chemical reactions in it can be quenched. A magnetic
field will be able to control the way of quenching and decide the final products. Atoms
of refractory materials in the expanding jet are made to coalesce one another and finally
large clusters should be prepared. Although high power lasers have been often used to
prepare clusters [74], they are very expensive, and only pulsed operations are available.
Spouting a thermal plasma into a lower pressure space is ideal to prepare clusters, and it

has a potential for a continuous operation.

From the viewpoint of a study on a plasma spectroscopy, a stationary recombining
plasma is very interesting because a population inversion is created in it [13]. If a thermal
plasma is spouted into a lower pressure space and made to be expanded and cooled rapidly,
the electron temperature and density will become much lower. Population inversion is
expected in the plasmas of a recombining phase, and many authors have attempted to
create a plasma dynamic laser through this method [14-40]. A pulsed discharge and a
rapid expansion of the plasma made short wavelength lasers as pulsed lasers [42-48]. Up
to the present time, however, a continuous plasma discharge and the following expansion
have not enabled us to oscillate cw lasers [39]. If we can produce recombining plasmas
stationarily, we will be able to scrutinize their spectroscopic characteristics accurately,

and recombining processes will be examined more clearly.

This chapter presents the design of the plasma generator “Arc-heated magnetically-
trapped expanding plasma jet generator” and the characteristics of the generated plasma.
It is a low pressure plasma jet where an arc heated thermal plasma is continuously spouted
from a small nozzle into a lower pressure vessel with a parallel magnetic field. First, details
of the design of the apparatus will be described. Then, the results of the diagnostics
about the plasma will be described. Next, we will confirm that the population densities
of excited states are determined by the kinetics of ionization-recombination. Namely,
we can examine the proberties of the plasmas by the spectroscopic characteristics in the

present plasmas. Then, we examine its fluid dynamic characteristics by reviewing a simple
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source flow model. In the final section, we will discuss its applications as a potential laser

medium and a cluster preparer.
2.2 Design of the Plasma Generator

The experimental apparatus consists of a plasma generator, magnetic coils and travers-
ing mechanisms for driving an optical fiber terminal assembly and a Langmuir probe. The
apparatus except a feed control motor which controls the gap length between an anode
and a cathode is placed in a rarefied gas wind tunnel of 1.2 m in diameter and 2 m in
length. Figure 2.1 shows a schematic view of the rarefied gas wind tunnel. It is evacuated
with a 12-in. mechanical booster pump and a 4-in. rotary pump with an ultimate pressure
0.4 Pa, whose pumping speed is about 10 m®/s. When we need much lower pressure, two
20-in. oil diffusion ejector pumps are available, and the ultimate pressure becomes about
1.3 x 1072 Pa with them. Even when the ejector pumps are used, the pumping speed is
not cha'nged very much. The plasma is expanded in the wind tunnel continuously. The

pressure in the tunnel is monitored by a Pirani gauge and an ionization vacuum gauge.

The design of the electrodes of the plasma generator is just the same as that of an
ordinary thermal plasma torch except that the nozzle is very small. Figure 2.2 shows the
schematic view of the plasma generator. The anode is made of copper, has a convergent
throat shape and a small nozzle of ~ 0.8 — 1.2 mm in diameter. It is cooled by water not
to be damaged by the plasma heat. The cathode is a 3 mm rod of 98% tungsten with 2%
thorium. The cathode except the tip is insulated by ceramics to protect from abnormal
discharges in a lower pressure. When it is applied to preparing clusters, the cathode
i1s made of a material for the prepared clusters. Carbon cathodes with the same shape
are chosen when carbon clusters are prepared. The cathode is also cooled by water to
protect from thermal damage in any experiments. Besides, the electrode gap length can
be chosen optimumly. Even if the cathode is vaporized, the gap length can be controlled

by a motor connected to the cathode.
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The plasma is generated by an arc discharge under a relatively high pressure (1.0 x 10*
Pa — 1.0 x 10° Pa), which is monitored by a mercury manometer. The plasma is made
to be spouted through the anode nozzle into a vacuum space, that is, into the rarefied
gas wind tunnel. The eléctrical power is supplied by a common supplier for an arc welder

and the discharge is ignited by RF.

The electric discharge is generated with the help of a magnetic field so that the nozzle
may be choked with the viscous arc plasma. The viscosity of the arc plasma enlarges
the pressure difference between the arc discharging region and the expanding region. Six
coreless coils of 80 mm in i.d. and of 60 mm in thickness are placed with 10 mm gap
coaxially with the plasma torch axis. Two of them placed nearer the torch are used to
stabilize the discharge and to keep the large pressure difference of the discharging region

and the gas wind tunnel, while four other coils generate a uniform magnetic field.

Typical experimental conditions are the following: arc voltage Vi ~ 18 — 25 V, arc
current ;. > 80 — 120 A, pressure in the discharging region Py, ~ 1.0 x 10% — 1.0 x 10°
Pa, magnetic field B ~ 0.025—0.162 T, gas flow rate ~ 1.0 X 106 — 4.0 x 10~ kg/s, and
pressure in the wind tunnel is A ~ 3 — 20 Pa during generating the plasma jet except
preparation of clusters. When we prepare clusters, the pressure conditions in the tunnel

are slightly different, and the details are specified elsewhere [2].
2.3 Systems for the Diagnostics

The schematic diagram of the spectroscopic measurement system is shown in Fig. 2.3.
The emission from the plasma is observed along the direction perpendicular to the jet
axis through the gaps of the coils. The light is collected by a concave mirror of 30 mm
in diameter into an optical fiber terminal, fed to and analyzed by a monochromator-
photomultiplier system [75] (SS-50, systematized by JASCO corporation). A concave
mirror is used as a condenser instead of a convex lens, since we should avoid the chro-

matic aberration in spectroscopic observations in a wide range of the wavelength. The
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optical fiber assembly is a bundle of uv-grade fibers (ST-U200-DSY, by Mitsubishi Cable
Industries, LTD.), whose length is 5 m, and whose diameter of the core is 200 pm. Its
numerical aperture is 0.2. The fiber terminal assembly with the condensing mirror are
connected to a three-dimensional traverse mechanisms. It can be moved when the plasma
is generated without breaking the vacuum. The light is taken out of the wind tunnel to
the monochromator through the fiber. Before the light enters the monochromator, it is
chopped at the rate of 270 Hz. The monochromator (fabricated by JASCO corporation,
f 5.3) has a Czerny-Turner configuration [76], a focal length of 500 mm, and a linear
reciprocal dispersion of 1.5 nm/mm. The widths of the entrance and exit slits are con-
trollable and usually set at 200 um in the detection of He 1, Ar I lines and Balmer series
of H 1 (Otherwise specified). The widths are chosen relatively wide in order to decrease
the photon counting error and they can be closed to ~ 1 — 2 um if necessary. Its nominal
resolving power is 0.04 nm. The slit function is trapezoidal and its bandwidth is mainly
determined by the entrance slit [77]. The slit height is set at 10 mm. The grooves of the
grating of the monochromator are 1200/mm and the blaze wavelength of it is 500 nm.
The output of the photomultiplier (R374, by Hamamatsu Photonics Corp. Ltd.) is fed
to a preamplifier, whose output is led to a single-phase lock-in amplifier (56004, by NF
Electronic Instruments) and the electric signal is demodulated with the chopping signal.
Finally, the output of the lock-in amplifier is converted into a digital signal and recorded
by a 16-bit microcomputer (PC9801VM by NEC Corp.). The microcomputer also con-
trols the pulse motor which drives the grating and accomplishes the acqusition of the
data, conforming to the programmed sequence through a general-purpose interface-bus

interface.

The spectral sensitivity of the detection system was calibrated by a standard halogen
lamp (JPD100V500WCS, manufactured by Ushio Elec. Corp. and authorized by JEMIC)
as an illuminace standard and a white standard reflectance plate (No. 6091 barium sulfate
prepared by Eastman Kodak Co.) as a diffuse reflector, which acted as a luminance

standard. The spectroscopic system is sensitive to the wavelength region of 250 — 870
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nm. The diffracted lines of higher orders are cut off by optical filters.

In addition, if necessary, a Langmuir probe can be inserted into the plasma parallelly
with the magnetic field. The probe can also be moved by the traverse mechanism without
breaking vacuum. The probe is made of a tungsten wire of 0.15 mm in diameter. Its tip
is exposed to the plasma by 5 mm and other part is covered with a ceramic tube. Since
the magnetic field is applied in parallel with the probe surface, the electron density is

evaluated by the saturated ion current.
2.4 General Characteristics of the Plasma
2.4.1 Stabilization of discharge by a magnetic field

A typical example of the effect of the magnetic field on the discharge is illustrated
in Fig. 2.4. In this chapter, the discharging gas is helium, otherwise specified. The
discharge pressure and voltage change drastically when the magnetic field B ~ 0.025 T,
while both of them are almost constant under the magnetic field more than that. When
the magnetic field is less than that, the discharge is extremely unstable and the plasma
comes out of the nozzle only intermittently. When the magnetic field B > 0.025 T, the
arc discharge continues very stably, and the plasma jet illustrated in Fig. 2.2 is observed
axially symmetrically in the rarefied gas wind tunnel. It is concluded that the arc spot
on the anode would become unstable and would stray into various directions without
the magnetic field. With the help of the sufficient magnetic field, the generated plasma
chokes the nozzle and it makes the pressure in the discharging chamber high enough due
to its strong viscosity. It is also supported by the experimental facts that the pressure
in the wind tunnel becomes about ten times larger once the discharging is stopped. This
is because the plasma makes the Reynolds number very low at the nozzle. The growth
of the boundary layer reduces the effective diameter of the nozzle. When Ar was used
instead of He, almost the same results were obtained. Therefore it is concluded that the

magnetic fleld more than 0.025 T effectively helps the stabilization of an arc discharge
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where the pressure in the discharging region is about atmospheric.
2.4.2 Fluid dynamic characterisctis at the nozzle

As was written in the previous section, the ratio of the pressure in the discharging
chamber Pi. to that in the expansion area P, can be maintained 10%* — 10° in this
apparatus. The reason for it is considered that the effective diameter of the nozzle becomes
small owing to the boundary layer on the inner wall of the nozzle due to the viscosity
of the plasma. The effective diameter of the nozzle is experimentally iﬁvestigated in the
study of a free jet of .general gases [78]. The effective diameter of the nozzle is expressed
as a function of the Reynolds number Re in which the characteristic length is the real
diameter of the nozzle. When the Reynolds number is less than ~ 1000, the effect of
the boundary layer should not be neglected. The effective diameter decreases when the
Reynolds number becomes small.

The viscosity of helium gas increases when its temperature Ty, becomes high when
Tge < 16000 K [79]. However, when the temperature becomes higher than that, the
viscosity becomes smaller due to the ionization. Meanwhile, the sound velocity, which is
considered to be equal to the velocity of flow, is in proportion to v/Ti., and the density is
in inverse proportion to Tg.. Therefore, the Reynolds number Re at the nozzle drastically
decreases with the increase of the temperature when the diameter of the nozzle is assumed
to be constant, which is shown in Fig. 2.5. The Reynolds number becomes very small,
even 60 at Ty o~ 20000 K. The viscosity of the plasma makes the boundary layer thick
enough. Consequently, we can keep the pressure ratio sufficiently high when the arc spot
is on the nozzle. On the other hand, when the magnetic field is weak, the arc spot is
not on the nozzle, and there exists a helium gas, not a helium plasma. At that time,
the Reynolds number is sufficiently large at the nozzle, and the discharging pressure is

considered to become small, as was shown in Fig. 2.4.

2.5 Results of the Diagnostics by Probes
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Variations of electron temperature T, and density n, on the plasma jet axis are il-
lustrated in Fig. 2.6 and in Fig. 2.7, respectively, as functions of the axial distance
from the nozzle and the strength of the magnetic field. They were measured by a Lang-
muir probe in these figures. This apparatus can continuously produce the helium plasma
whose electron temperature is about 0.1 — 1eV and whose electron density is about
1.0 x 102 — 2.0 x 10"®cm™®, although they contain considerable errors, especially the
electron density is affected by the rapid flow [12]. If we would like to examine the plasma
much more precisely, we should measure the plasma by spectroscopic methods, and we

will discuss it in and after chapter 3.

However, the relative variation of the parameters is easily understood by the results
in the figures. It is concluded that the stronger the magnetic field is, the higher the
electron temperature and density are on the center axis on the jet. The plasma becomes
cooler and less dense as it comes downstream. The reasons are considered to be (1)
the adiabatic expansion of the plasma and (2) the collisions of the plasma with the cold
residual gas in the wind tunnel. The electron temperature both in an arc region and
in an expanding jet region was calculated [60]. The cathode was supposed to be much
thicker in the calculation, and the temperature in an arc region was estimated slightly
higher than that measured at 2 cm down from the nozzle. It gives a consistent result.
In the expanding region, the calculation was made by a simple source flow model, and
this calculation explained only weak field data (B = 0.027 T), whereas other strong field
data showed a different tendency, which will be discussed in section 2.7. Two reasons
are considered as following: (1) a free expansion is suppressed by the magnetic field, and
(2) the discharge current is suppressed by the field, a sufficient discharge area is required
in the outside area of the torch, and the path of the electric current penetrates into a
vacuum area. Since the free expansion of the plasma is suppressed by the magnetic field,
it 1s naturally concluded that the cooling is mainly caused by collisions with cold residual

gas molecules.

We can obtain the electron energy distribution function by a probe method [10]. The
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Langmuir probe collects electrons selectively, corresponing to the electric field in an ion
sheath. If the energy distribution of electrons is the Maxwellian, the electron current of
the probe increases exponentially with the probe voltage near the floating potential. In
the present experiments, it was found that this was almost always the case. Therefore, it

is considered that the electrons in the present plasma has the Maxwell energy distribution.

Generally, it is difficult to measure the ion temperature of a cold plasma only with a
passive spectroscopic method. At that time, we should use a Thomson scattering method
with an irradiation of an appropriate laser [80-82]. Unfortunately, we do not have a
sufficient laser oscillator in our laboratory, and some other methods have to be used. In
order to measure its ion temperature under a sufficient strength of a magnetic field, an
ion sensitive probe method can be used. It is based on the difference of the Larmour
radius of an electron and that of an ion [83,84]. Although measured errors of the ion
temperature are considerably large, it is confirmed that its ion temperature is not as low
as that in a glow discharge, and it is about 70 — 80% of the electron temperature. The
plasma is found to be cooled very rapidly as flowing downstream, and various quenching

of reactions can be expected.
2.6 Discussion

Although the plasma is not very bright near the nozzle, it becomes gradually brighter
as it comes downstream, and the brightest region is situated at about 7—12 cm downward

from the nozzle. Recombining processes are most dominant in this region.

In general, charged particles go downstream whirling around a magnetic line of force.
Electrons can be easily trapped with a weak magnetic field. Although Larmour radius
of an ion is much larger than that of an electron, electrons near the axis make a strong
electric field and they prevent ions from diffusion. The effect of the magnetic field to the
helium plasma is evideﬁtly observed. As the magnetic field becomes stronger, the bright

plasma column becomes thinner, fully trapped in the coils and set apart from the inner
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wall of the coils. The plasma becomes cold in flowing downstream and the degree of the
cooling depends partly on the strength of the magnetic field which controls the expansion
rate of the plasma. But the pressure in the tunnel is about 3 — 20 Pa in generating the
plasma. It is considered that the plasma becomes cold through collisions with residual
gas molecules as well, and we will discuss it more profoundly in the latter chapter of this
thesis.

If we examine the plasmas by spectroscopic methods, we should confirm that the
spectroscopic properties of the plasmas should be determined by the kinetics of ionization-
recombination. Namely, we have to confirm that the population densities of the excited
states are determined by the characteristics of the charged particles. If they are influenced
by phenomena like a beam-gas interaction, it is difficult to measure the characteristics
of the plasmas. The plasma jet in problem now is not accelerated by an electric field,
and it is, indeed, rather more difficult for us to observe the phenomena like a beam-gas
spectroscopy. However, it is worth while to examine the velocity of the jet. If the time
required to flow some characteristic distance is much larger than the relaxation time of
electron-electron collisions, the characteristics of the “plasma” are dominant. In addition,
if the collision frequency between charged particles is larger than between electrons and
neutrals, it is naturally concluded that the population densities of excited atoms are
determined by the kinetics of ionization-recombination, not by a beam-gas interactions.

Hence, the typical parameters are briefly discussed here. As described beforehand, the
typical electron temperature 7. ~ 0.1 eV, the typical electron density n, o~ 1x10'® cm™3,
the pressure of the surrounding gas P =~ 10 Pa, the temperature of the surrounding gas
Ty ~ 700 K. Then, the density of the neutral molecules ny =~ 1 x 1015 em™3. The Debye

length Ap is calculated as follows:

1/2
Ap = (60kTe) ~ 1 pm, (2.1)

nee?

where ¢ is the permittivity of vacuum, k& the Boltzmann constant, e the elementary

electric charge. The plasma frequency vp is calculated as follows:
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1 eZn, 1/2
" 27 <meeo> z (2.2)

where m. 1s the mass of the electron. The thermal velocity of electrons in the plasma vy,

is given by the following equation:

veh = Ap (271,) =~ 1 x 107 cm/s. (2.3)

Latér, we will describe that the velocity of the plasma jet is measured by a Doppler shift
of the emitted line, and it tells us that the mean velocity of the jet is about 1 x 106 cm/s
for the hydrogen plasma, and 5 X 105 cm/s for the helium plasma. The thermal velocity
is larger than that of the jet.

It is essential to evaluate the collisional characteristics of the plasma, especially, colli-
sions of electron-neutrals and of charged particles. The cross section of a neutral hydrogen
or helium molecule for an electron of this energy range cen is 1 X 10715 cm? at most [83,

86]. The mean free path of the electron in hydrogen or helium gas Aoy is given as follows:

AeN = 1/(0ennn) =~ 1 cm. (2.4)

The frequency of the electron collision with the neutral particles ven is the following:

VeN = Utn/Aen =~ 10 MHz. (2.5)

On the other hand, the characteristics of the plasma should be discussed through
collisions between charged particles. First, the Coulomb logarithm In A of the plasma is

calculated as follows [87]:

(2.6)

InA=1In (M) ~ 4.8,
Zne?

where Zy is the electric charge of the ion, and equal to 1 in the present plasma. The

existence of the doubly charged helium ions can be neglected, which is discused in the next
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chapter. As the relaxation time of electron-electron collisions, we calculate the time of
equipartition teq, at which the test particles and the field particles both have Maxwellian

velocity distributions [88]. It is calculated as follows:

3/ me(kT:)3/? .
teq = ~ T ns. 2.7
427 ne(ln A)et " (21)

The relaxation time f.q is much smaller than the time required for the plasma to flow
several centimeters.

As a cross section of the collisions between an electron and an ion o, it is obtained

that
0o = 6mboln A~ 2.8 x 10~ cm?, (2.8)
with
— ZN€2
by = —N° 2.9
O T2reokTy’ (2:9)

where by represents the impact parameter for a 90° scattering of an average particle [87].
It should be noted that the cross section of the collisions between charged particles does
not depend on the masses of the particles involved in the collision for Zy = 1. Namely,
the cross section of the electron-electron collisions o, is equal to oe;. And the mean free

path of an electron in charged particles Mg is

/\ei = 1/(77,3 Uei) ~ 36 M1, (2.10)

where n; is an ion density, which is assumed to be equal to n., if we use the 90° scattering
cross section. As a matter of fact, the scattering cross section should be much larger, since
the 90° scattering is a rare event. Therefore, the real mean free path \g is much smaller
than that given by Eq. (2.10). The corresponding value for the average electron-ion

momentum transfer collision frequency v is

20



43 3/2 2
T o=y T (Tf:‘.) <—f‘1~_-> InA ~ 4.4 GHz (2.11)

3 kT, 4Tegmie

Consequently, for the plasma in problem now, it is obtained that

Vp > Uei 3 VeN, (2.12)

and

Aei K AeN. (2.13)

Therefore, it is naturally concluded that the characteristics of the charged particles are
dominant to those of electron-gas interactions. Consequently, the spectroscopic charac-
teristics of the plasma are determined by the kinetics of ionization-recombination in the
plasma. It means that the plasma can be examined by the spectroscopic observations of
the plasma.

The results of the spectroscopic observations are discussed in chapters 3 and 4 in
detail for the helium plasma, in chapter 5 for the hydrogen plasma, and in chapter 6
for the argon plasma. Of course, the fundamental properties of the plasmas are also
discussed there in detail from the viewpoint of plasma spectroscopy. In this chapter, as
an application other than a potential active laser, we discuss its application as a cluster

preparer briefly.

2.7 Fluid Dynamic Discussion on the Variation of Electron Temperature Using

a Simple Source Flow Model

Although fluid dynamic discussion is not the main subject of this thesis, it is useful
for us to confirm the fluid dynamic characteristics even in a very roughly approximated
manner, and even if we have to use a very rough method to treat the numerical calculation
of the fluid dynamics of a weakly ionized plasma flowing in a magnetic field. In this

subsection, numerical analysis of the plasma jet based on a source flow model is reviewed
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in order to understand the basic hydrodynamic phenomena according to the method
described by Suzuki [60].

The semi-empirical formula derived from the results of characteristic solution for a
freejet of neutral gas given by Ashkenas and Sherman [78] are particularly useful in
determining flow quantities, although this can be obtained as a limit of the ionization
degree — 0 in the source flow calculation as described later. The relationships for the

center-line pressure distribution and the radial density distribution are the following:

' 1\ 721 1\ 7T __2_ — g\ 72
pi_ (1! PRIV g (Fo ) (2.14)
Do v—1 2y D

p(r,z)
p(0, 2)

where pg is the stagnation pressure, and z{ and A are the constants given as 0.04 and

= cos’ § cos®(1.156) , A (2.15)

3.26 for v = 5/3, respectively, p; is the center-line impact pressure, v the specific-heat
ratio and 5/3 for helium, D the diameter of the nozzle, z is the axial distance from the
nozzle. Suzuki used these equations to th