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ABSTRACT

' For verifying some theoretical predictions of
light scattering from magnetized plasmas, a stable pulsed
helium arc discharge in a magnetic field up to 5 Teslas
has been built. The arc has been investigated at filling
pressures of 2 to 5 torr and plasma curkents between 1
and 5 kA. Plasma parameters were measured at a maghetic
field of 4 Teslas and a pressure of 3 torr. At these
values of the magnetic field and the-filling pressure the
arc is steady and approximately cylindrically symmetric
up to a plasma current of 2.8 kA.

Time-dependence and radial distribution of.the
electron density and temperature have_been determined -
from spectroscopic measurements, laser-interferometry,
and laser scattering. The latter two techniques were used
successfully for the first time on a magnétﬁca]]y stabilized
arc to measure the electron density and temperature'in
the hot core of the arc. The axial electron density is
1.2 x 10" ¢p~3
cross-section in the high temperature region as predicted
‘by theory. The axial temperature is 145,000°K. Thus the
arc design and the plasma propérties are suitable for

and is approximately constant over the arc

scattering experiments. _ . | A _

The arc behaviour is governed by dynamic
processes which depend on the geometry of the apparatus.
In order to show the problems of the design and operation
of the apparatus, the theory of arc behaviour in a magnetic
field is outlined. ' '
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INTRODUCTION

For laser scattz2ring and many other investigations
it is desirable to produce a magnetized high temperature
high density plasma in a steady state. Two plasma sources
come to mind immediately: (1) a wall stabilized arc and
(2) a magnetically stabilized arc.

In a cylindrically symmetrical wall stabilized
arc in a steady state the properties of the plasma in the

arc column are mainly determined by the radial conductive

energy loss according to the equation of conservation of
energy [6]. This energy loss is replaced by Ohmic heating.
Because the thermal conductivity is a strong function of
temperature, the conductive energy loss increases with
the arc's axial temperature. The power supplied per unit
length of the arc column therefore also increases strongly
with the desired increase of the arc's axial temperature.
A wall stabilized arc is therefore not very suitable for
producing high temperature plasmas.

A magnetically stabilized helium arc of the type
described by Wulff [1] is a better source of a high tempera-
ture plasma because in a magnetic field the thermal con-

ductivity can be drastically reduced in the plane perpendicular



to the magnetic field. A 16ngitudina1 magnetic field
decreases the radial conductive energy loss. Consequently,
for high magnetic fie]ds; higher temperatures should be
possible in a magnetically stabilized ar& than in a wall
stabilized arc. Howevéf, the expériments conducted on
magnetically stabilized arcs [1-5] showed that the highest
temperature obtainable in such a%cs is limited by dynamic
‘phenomena. To understand this phenomenon the equation of
motion and the generalized Ohm's law should be considered
beside the energy conservation equation.

In the arc désigned by Wulff, axial arc témperatures
exceeding 200,000 °K were obtained [1-5]. These temperatures
were estimated from the spectroscopic data. .The spectro-
scopic determination of p]asma_temperature of thaf
magnitude is complicated, inaccuréte and sometimes even
questionable [7]. A laser scatfering.experiment yielded a
surprisingly low axial temperature of 40,000 °K [8] most
likely Because the arc apparatus was not properly designed
for laser scattering experiments.

- With laser scattering as one of the main diégnostic
techniques in mind, we have built a similar magnetically
confined arc. Construction principles and di;;;nosis of
this arc using several conventional methods are described
in this thesis, so that with the present results at hand,
the laser scattering from the arc plasma can be studied.

Since the Iight scattering experiments'requirevviewing pdrts



in a plane perpendicular to the magnetic field line and
only a small capacitor bank was available, a change in
the design of the Wulff's "hourglass" [1] was necessary.

As the plasma parameters depend on the geometry
of the apparatus, the experimental data reported in [1-5]
were not relied upon without verification. This report
therefore contains an extensivé study of radial distribution
of plasma parameters using a variety of techniques: time
resolved photography and spectroscopy, laser interferometry,
and laser scattering. Particular attention was given to
the measurement of the electron temperature and density
in the hot core of the arc. Due to unreliability of
spectroscopic measuréments at high temperatures, laser
interferometry was used to measure the radiai electron
density distribution in the hot core of the arc. Laser
scattering was added for two reasons: Firstly to show
that the design is good for future laser scattering
experiments and secondly, to measure the axial electron
temperature and axial electron density. Laser interfero-
metry and laser scattering were used successfully for the
first time to measure the plasma parameters of a magnetically
stabilized arc.

It turns out that the geometry of the apparatus
is very important for a magnetically stabilized arc,
therefore Chapter 1 contains an outline of the theory of

an arc in a longitudinal magnetic field. Ideas obtained



3a
in fhis.chapter lTead tq the construction of the apparatus’
givén in Chapter 2. Properties of the arc are studied
and the measurements are described in Chapters 3, 4, dnd 5.
The results of these investigations are Eresented in .
Chapter 6. Chapter 7 summarizes the imbortaﬁt aspects
of this work,which is meant to be the starting point‘for
laser scattering experiments in a fu]]y.ionized,magnetized

plasma.



Chapter 1

THEORY OF ELECTRIC ARC IN A LONGITUDINAL
MAGNETIC FIELD

The highest temperatures that can be reached in
a stationary arc are controlled by the energy loss mechanisms.
The simplest example is a cylindrically symmetric arc in
which the energy loss is mainly due to the heat conduction

according to the equation
LAafp @) 45 £ =0 | (1.1)
r or or zZ z . )

where k is the thermal conductivity of the plasma. The
relationship between the axial electric field EZ and axial

current density jz is given by Ohm's law.

j, = oE, (1.2)

In the column of a cylindrically symmetric,

wall stabilized arc the electric field EZ is constant

over the arc length and cross section,



therefore the radial distribution of the electric current
density is determined by the radial distribution of elec-
trical conductivity.

The solution of eqs. (1.1) and (1.2) shows that
the temperature of such an arc depends only on the energy
dissipated per unit length of the arc, EZI, where I is the arc
current. Because the heat conductivity increases strongly
with temperature (k « T5/2) the axial arc temperature
increases slowly with the energy input.

In order to increase the axial temperature one can
decrease the thermal conductivity by putting the arc into an
externally applied magnetic field. The magnetic field
reduces the thermal conductivity in the plane perpendicular
to the mégnetic field lines. The arc behaviour is affected
strongly only when the electron cyclotron frequency 1is
greater than the electron-ion collision frequency.

The axial temperatures obtained experimentally
in arcs in a magnetic field however were much lTower than
those predicted by the energy conservation equation (1.1)
for a given energy input. The reason for this is that the
dynamics of the arc plasma which is not described by the
energy conservation equation becomes 1mportaﬁt in the
presence of a magnetic field.

The magnetic field induces azimuthal eiectric

currents that cause a strong pressure increase at the arc



axis. The resulting higher pressure reduces the effect of
the magnetic field on the axial temperature since the
collision frequency is increased at the same time. These
phenomena will be discussed insection 1.1 of this chapter.

The magnetic field influences the current density
and electric field distributions. An important mechanism
for the distribution of these two parameters is the rota-
tion of the arc. Section 1.2 of this chapter is devoted to
these problems.

The magnetic field also induces axial and radial
mass currents. The radial currents are responsible for
the shift of ionization equilibrium (see Chapter 3, 3.1,
3.2). The radial mass currents will be dealt with in

Appendix B.

1.1 Pressure Increase

A helium plasma consists in general of four com-
ponents: electrons, once and twice charged ions and
neutrals. Because of the high ionization ehergy of
helium (= 24 eV for the first ionization, = 54 eV for the
second ionization) the arc can be divided into the follow-

ing zones:

1. Close to the arc axis one observes a two component
plasma consisting of electron and doubly charged
helium ions provided that the temperature is high

enough.



2. In a region at larger radii there exists‘a three
component plasma containing electrons, once charged
ions and doubly charged ions.

3. The next zone is again a two component region with
electrons and once charged ions.

4. At the arc boundary one observes three components:

electrons, once charged ions and neutral atoms.

This division of the arc considerably simplifies
the equations used in the study of the arc dynamics discussed
in the following sections.

A very important parameter of a magnetized plasma
is the prodhct of electron cyclotron frequency we(we = %?)
and electron-ion collision time Te; The magnetic field
affects the plasma parameters strongly when we1e>>1. In
all calculations of this thesis it is assumed that the
inequality were>>1 is satisfied.

In a helium plasma in regions where neutral atoms
are absent the electron-ion coi]ision time is a combinatiqn

of electron collision time with once and twice charged ions

[9, p. 259].

S DA S (1.3)

where:



B/E;I[KTG]3/2.[4weo]2

4/71 12" n, &n A

Tez ~
where Z is equal to 1 or 2.

In eq. (1.4) &Zn A is the Coulomb logarithm, n,
is the ion density. The other symbols have their usual
meaning.

In Fig. 1.1 the electron ion collision time is
plotted as a function of temperature. 1In the calculation
of Ta the ion densities ne and n; are expressed in terms
of the electron density as measured in this experiment
(Fig. 6.4) and in terms of the ratio of densities of twice
to once charged helium dions n2/n1 as measured by Bergstedt
[5] and discussed in Chapter 3 of this report. It can
be seen that at all temperétures WaTg >> 1 for B = 4f0 T.

In order to explain the pressure increase in
the arc two equations have to be discussed: the equation
of motion (1.5) and generalized Ohm's law (1.6); the

latter equation is derived in Appendix A.

<y

>
dv D(AV) + vp + Eei = j x B (1

p

Q.
o+

(1.4)

.5)
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Figure 1.1 Electron-ion collision times in helium
versus temperature. :
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oo/ e B2

(1.6)

Equation (1.5) is written in the centre of mass

+ » 3 ’) 3
system. v is centre of mass velocity. Rei is the force

of fnterna] friction. Symbols L and 0 relate to the co-

ordinate system introduced below. 83/Bt 0 was assumed.

(10)
Mo g for n, = 0
Ny + ny S 2
->
d = 1
: or n, =
ne(n] + n2) 0
0 for a two component plasma
'*(iK) -> ->
where d = Vo= Vg is the relative velocity of heavy

particles with respect to one another (32, V], VO are the
velocities of twice ionized, once ionized and neutral

helium particles).
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D(nV) is a differential expression inQo]ving the spatial
derivatives of the second order; n is the Aarc |
viscosity. Other symbols have their usual meaning.

The force of internalfriction ﬁei is discussed in
more detail in Appendix A, where the generalized Ohm's
law is derived.

Due to the-curvature of the magnetic field lines
it is convenient to split the magnet;c field into a meri-
dional component §m(in r-z plane) and an azimuthal component
B¢E¢. B = §m + B¢€¢. It is‘also convehiént to use a

coordinate system defined with unit vectors e s 3" = §m/B

¢
and 8, = 2, x &. Then it is by def. By= 0.

The electric current density 3 will also be split
into a meridioha] component jm and an azimuthal component

3¢ as will be v and d. The relationship between vectors

>

- 3 and §, cylindrical and (31; e 3") coordinate systems

¢°
are shown iniFigure 1.2. At the cehter of the discharge
(at z = O)vthe two coordinate'systems are approXimate]y
equivalent. } |

For the discussion of axial pressure increase

the friction force will be neglected and a steady state

will be assumed. The L component of eq. (1,5)‘15 then
_ - > > . ->
v,p = J¢ X Bm + Iy * B¢ = (J¢Bm JmuBQ)el (1.7)
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The first term on the right hand side of this
equation gives the pressure increase due to induced azimu-
thal currents. The second term is the pressure increase
due to the classical pinch effect.
The azimuthal current density §¢ is given by the

¢ component of eq. (1-6):

s > 1 = > _ 1 3 ->
Jo¢ ~ oy (Vg - en, Imp F dpy) % By g 2 2 NeKVps T X By
m
T3
op J
F(1-X)y Imm gz (1.8)

r
A
Bm
ij CATHODE
SIDE
@ -a- © ey
Vol - %%
AXIS OF SYMMETRY -2

>
Figure 1.2 Magnetic field B, current density 3, azimuthal
velocity v¢, and the two coordinate systems.
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>

Jj x B )] 1is the perpendicular part of the

_ I M
2 [Bm X(Jm m

mi
meridigﬂal component of electric current density (see
Figure 1.2). Vectors le and Eml are defined in a similar
way. |

Now the significance of the terms in equation (1.8)
and the importance of their contribution to the pkessure
gradient can be discussed.‘

The terms of eq. (1.8) describe the following effects:
The first term («le X ﬁm) causes a pressure gradient due to
mass currents.

The second term (ajml X E) is due to Hall effect.
The third term («Eml X §m) is the azimuthal current density
caused by the ambipolar diffusion of—e]ectron§ and ions.
The fourth term (« va X §) describes the thekmomagnetic of

Nernst effect. The fifth term describes the pinch effect

that arises due to anisotropy of the electrical conductivity.

1.1.1 Thermomagnetic or Nernst Effect

When a temperature gradient perpendicular to the
magnetic field is present a voltage is induced (due to
electron-ion collisions) perpendicularly to E and grad T.
This is the so called Nernst effect calculated for a plasma
by Braginskii [10] and first observed in an arc by Kluber [2]
In our case it is directed azimuthally and causes a pressure

increase in the discharge. It is a dominant cause of



the pressure increase at the arc axis in the middle of the
discharge configuration.

Af Z = 0 the cylindrical coordinate system can be
used as an approximation. The pressure gradient arising

from the Nernst effect alone is then:

3 -3,k A (1.9)

Combining this equation with the equation of state for a

quasineutral plasma with the ions of charge Z

p = n KT (1.10)

the following equation is obtained:-

7+ 1. an
oT e 3 3T
n K =—— + KT = = n_K — (1.11)
7 e or 7 3y 2 e’ 3r
For a doubly ionized helium plasma Z = 2 and
ane
—= = 0 or ne = const.
ar

This result was proven experimentally (see Chapter 6).

14
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1.1.2 Ambipolar Diffusion

This effect in an arc was first studied by
Wienecke [11]. In the outer zones of the arc, where the
three component p]asﬁa is found, the pressure is increased
due to diffusion of charged particTes and neutrals. The
diffusion is important at the boundary between regions of
neutral atoms and once charged ions as well as at the
boundary between regions of once and twice ionized helium.

At the former boundary electrons and ions diffuse
outwards (due to their_partia] pressure gradients) and
the neutrals inwards. The diffusion of the ions is hindered
by the magnetic field and therefore a net flow of particles
is directed inwards and the pressure increases in the
direction of increasing degree of ionization. In a stationary

state an aziumthal current flows, equal to
j¢A S 9% h, +n

According to eq. (1.7) the e]ectromagnetiﬁ force balances
the pressure gradient.

Similar considerations are true for the boundary
between once and twice ionized helium. The total pressure

increase due to ambipolar diffusion is proportional to Bz.
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1.1.3 Pinch Effect

For easier understanding 6f the following sections
the reader is first referred to the Figur% 2.2, Chapter 2
which shows the p]asma‘apparatus. Note fhe geometry of
the discharge tube, particularly the presence of glass
funnels, whose surfaces coincide with a magnetic flux
‘tube. The narrow throat of the funnels plays an important
role in'the dynamics of the arc as it Qi]] become clear
from the discuﬁsion below. |

The pressure increase due to the pinch effect is
.represehted by two terms: the second fefm-of eq. (1.7).
and the last term of eq. (1.8). For high magnetic fields
(were>>1)-cne observes o, = %ﬂl [19]. It can be eési]y
seen that the anisotropy of the electric conductivity reduces
the pressure inérease due to the classical pinch effect by
approximately a factor.of 2. The pinch effect is ynimpor-
tant in the midd]é of the dischérge, but becomes important

(compared to other effects) at the glass funnels.

1.1.4 Hall Effect

o

: oo (H) _ _ 1
The term J¢ = ene

decrease the pressure, depending on the sign of

x E .
X n n e
Jm_L m ca 1 C.Y‘ ase or

T
‘ Jml. In
sec.-1.2 it is shown that in a real plasma the electric
current does not flow para]Teﬂy to the magnetic field

Tines. jm; cuts the field lines outwards at the anOdé

funnel and inwards at the cathode funnel. The Hall effect
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therefore increases the pressure in the cathode region and
decreases it in the anode region. It is important only

at the ends of glass funnels.

1.1.5 Mass Currents in the Arc

Mass currents influence the pressure distribution

>

too. The influence is described by the term 3¢ = cle X Bm
of eq. (1.8). The'radially inward flowing particles decrease
the pressure, the outward flowing particles increase the
pressure. The mass currents are present in the arc for

the following reason: The pressure at the center of the arc
configuration (where the magnetic field is high) is higher
than near the g}ass funnels (where the magnetic field is
Tow). Consequent]y, at the arc axis the plasma streams from
the center of the system towards the funnels. If the arc

is stationary, the axial outflow has to be replaced by
radia]_inf1ow of the particles. The flow pattern is
schematically shown in Figure 1.3. The magnitude of this
contribution to the pressure is difficult to evaluate. The
radial mass velocity (at z = 0) will be calculated in

Appendix B.
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DISCHARGE VESSEL

|
\_({:’i ,; _;:—/7)___‘_/_.
}

T T

'Il FUNNELS

|

Figure 1.3 Mass currents in the arc (scheme).

In this section it was shown that the Nernst effect,
ambipolar diffusion and pinch effect are diamagnetic in
nature (the anisotropy of electric conductivity gives a
paramagnetic contribution to the pinch pressure). The Hall
effect and mass currents can be either paramagnetic or
diamagnetic, depending‘on the geometry of the discharge.

In the following section the effect of the magnetic
field on electric current and field distribution will be

discussed.
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1.2 Distribution of the Electric Current,E]ectric'Fie1d
and Arc Rotation |

The equation of motion (1.5) ahdAthe generalized

-5

Ohm's law (1.6) in the coordinate system (31, e ,'3“) may

¢
as well be used for the discussion of the e]ecfric current
and field distribution. As only the components of the
electric current density and ve1ocfty with respect to the
meridional magnetic field will be used-the notation will
be simplified by writing Eml = El; Em“ = 3“, VoL é Vl etc.
According to equations (1.5) and (1.6)'the arc rotation is
closely linked to the electric current.distribution in the
arc. B |
| At the beginning of the discharge the arc column
spreads radially outwards.‘ Therefore an eiéctric current
.flows perpendicular to the magnetic field Em' At the anode
an electric current density jl > 0, and cortespondingly
at the cathode a cbmpohent j'L < 0 are set up. The spread
of the arc, is hindered by electromagnetic forces. According
to eq. (1.5) the azimJtha] force density (-lem3¢) sets
the arc into rotation in the opposite sense in front df'
each electrode. The direction of rotation is such that the

induced electric field v Bh@ obtained from eq. (1.6) and

¢ L’
from Lenz’srule, points in the direction opposite to lel.

Moreover, according to eq. (1.6) one may write:

o ' ' .
1 . . (H) _
. 3y quLBm. (1.13)
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(H)

The Hall component of the electric current density j¢

as expressed by the Hall term of eq. (1.13) leads to an

2

. > 2.2 .
m Jlel/e ne) which also counteracts

induced voltage (-olB
. >
the current Jye,-
The energy dissipated in the arc due to the presence
of jl is given by (lemV ). In a frictionless arc this
energy is used to increase the rotational velocity. This

velocity increases as long as jl # 0. A stationary state

is reached when'v¢ has increased to such a value that the

¢
density to zero. With the vanishing of jl also the Hall

induced voltage v Bmgl reduces the perpendicular current
azimuthal current density disappears.

In a frictionless plasma in a stationary state
one may set: jl = 0. The current density distribution
setup is such that jm is parallel to Em’ since a non-
vanishing force jm X §m is incompatible with a stationary

equilibrium. Equation (1.6) in component form is:

1 . _ 1
- - 1

Because no current flows across the magnetic flux
tube distinguished by the electrodes, j, must varnish out-

side that flux tube. There E, must compensate the electric
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fieId§ vy B¢ and V"p/ene. Inside the flux tube one may set
Ey = jh/c". The electric field E, outside the flux tube
in most cases is small compared to E, iﬁsjde the flux
tube. | |
According to eq. (1.15) one can'writé E) z-v¢Bm. The
other terms are much smaller. This e]ecffic field balances
the current density across the magnetic field. :In this
experiment Eg is of the order of magnitude of a few hundred V/cm.
In a plasma with finite internal friction
stationary states with jl # 0 are possible. The work of

j, done on a plasma (- s j; B_ov dV) can be converted into

m ¢
heat by the internal friction. This work therefore does
not necessarily lead to an increase in rotational energy
of the arc. A stationary electric current distribution
with j_L # 0 is then natura]]y‘determined also by the Hall
current. Which of the two processes is more important: the
-arc rotation or the Hall effect depends on the arc geometry,on the
parameter WeTq - the product'of electron gyrofrequency and |

electron-ion collision time, as well as.on the plasma

viscosity.

1.3 Unstationary States of the Arc

A quantitative theoretical analysis of the unstatio -
mnary state of the arc is too involved to be given in the

scope of this thesis. It would mean that the time and
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spatially dependent combination of the equation of motion

(1.6) and generalized Ohm's law (1.7) should be solved.
The boundary conditions are extremely complex because of
the asymmetric funnel configuration.

Only a qualitative description of processes that
cause the unstationary behavior of the arc will be given-
here. In section 1.1.51it was shown that due to the magnetic
field the pressure is increased at the arc axis and axial
mass'currents flow from the midplane between the
electrodes (z = 0) towards the glass funnels, where the
magnetic field and consequently the pressure are smaller.
In a stationary state the axial mass outflow has to be
replaced by radial inflow. When the radial mass inflow
is preQented the arc becomes unstationary.

For an illustration of this problem the simplest
form of equation of motion (1.5) and Ohm's Tlaw (1.6) will

be used.

2

dv _ 3V
0 E% = p [5% + v(%—) -V ox (v x V)] =-yp +J x B

(1.16)

(1.17)

If these two equations are combined in component
form and if it is assumed that the motion is stationary

and rotationally symmetric, the radial velocity of the
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ionized matter is obtained in the form

_ or 1.
V. S Fg vV, - —3% (j.B,  + v.pt Tr) (1.18)
z

r 7 z oB z ¢

Tr is the radial component of the inertial part of the
equation of motion. It was transferred to the r1ght hand
side because it contains derivatives of Vi which are small

compared with Vi itself.

2
v av v
= _r _ _r _ _Q_
Tr p(vr ar Vz 0z )
In the equation (1.18) only the term - —l? JZBZ
fof:
represents the radial inflow. If the magnetic field or

the conductivity are increased above a critical value the
mass inflow will become small and the arc will be
unstationary. As the conductivity o varies mT3/2, the
unsteady state can be reached by increasing the arc
temperature which can be achieved e.g. by increasing the
arc current.

If one however succeeds in making the outflow terms
(e.g. 1.18) small at the same time, one may maintain the
arc in a steady state. Of the outflow terms (gL vZ) is
the most important one, because it includes thezcurvature
of the magnetic field lines expressed in the Br component.,

Since the plasma flows axially away from the center and

the field lines are convex with respect to the arc axis
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this term is always pocitive represent%ng a radial outflow.
The magnetic field lines of a short coil diverge faster
.than those of.a long coil, therefore, the radial inflow
should be prevented more strongly in a magnetic field of
a short coil.

In conclusion of this chapter it may now be pre-
dicted that in a magnetized helium arc the following effects
will be observed: high axial temperature and pressure,

approximately constant electron density around the arc

axis as well as stationary and unstationary arc rotation.
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CHAPTER 2

DESIGN OF THE APPARATUS

The task of building a magnetically stabilized arc
&
can be divided into two parts: production of the magnetic
field and production of the plasma. The former is described

in section 2.1 the latter in section 2.2.

2.1 Production of High Magnetic Field

The theory of an electric arc in a longitudinal
magnetic field outlined in Chapterll, calls for a magnetic
field higher than about 3.0 Teslas. However, the higher
the magnetic field the more it wii] influence the plasma
properties. The ultimate choice of the magnitude of the
magnetic induction depends on the available energy, the
volume in which the magnetic field has to be high and the
duration of thé field.

A pulsed magnetic field is an obvious choice,
because a continuous field in a volume desired for this
%)

experiment (= 50 cm requires about one MW of power. Yet

the magnetic field pulse has to be long enough to be con-
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sidered continuous in comparison with the length of the
plasma pulse.

The magnetic field must be symmetrical to a high
degree, bhecause the arc symmetry is very dependent on the
symmetry of the magnetic field. The field homogeneity
is also important.

Two identical Bitter-type coils*[12] were built.
They were mounted together in a Helmholtz configuration,
providing a 2 cm wide gap at the center. The gap was
necessary for the observation of the plasma and for an easy
access to the arc in the laser scattering experiment.

Each coil was built in the following way: A copper
bus bar (1.6 cm wide, 0.3 cm thick) was bent into a helix
of 32 turns. The turns were isolated from each other with
mylar. The coil was cast in epoxy which provided the
necessary mecﬁanica] rigidity. (At a magnetic field of 5.0
Teslas the maximum radial tensile stress is about 150 atm;
the axial force between the two coils is over 2 x 105 Newtons).

The electrical circuit is shown in Figure 2.2. A
29 kJ capacitor bank (5 kV, 2.2 mF) was discharged through
the coil to proﬂuce a damped oscillation. Two ignitrons
(rated at 15kV, 35 kA) were the switching elements. The

data of the apparatus are summarized below:

*
The radial electric current density distribution of
a Bitter coil is inversely proportional to radius.
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Each Coil: Inside diameter : 7.0 cm
Length : 13 cm
Inductance : 35 upH
Circuit: Capacitance : 2.2 mF
Energy : 29 kd
Period of _
Oscillation: 2.65 msec.

Due to the Tow damping constant of the electrical
circuit 78% of the capacitor energy was stored in tHe
magnetic field at the first magnetic field maximum.

The spatial distribution of the magnetic field
was measured with a magnetic pickup coil [13]. Figure 2.1
shows the measured z component of the magnetic field BZ
(z-axis coincides with the axis ofAthe coils) vs. z at two
radial positions.

From the magnetic field distribution the magnetic
field lines (flux tubes) were constructed. The field lines
are plotted in Figure 2.2.

No asymmetry of the magnetic field was detected

within the error of measurement of 1ess'than 5%.
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2.2 Discharge Design

'2.2.1 Discharge Tube

In the introduction it was mentioned that the arc

was built for the study of laser light scattering from

plasmas in a high magnetic field. The following design

criteria were determined by this goal:

(a) A steady, stable and ~ reproducible arc to

(b)

(c)
(d)

(o)

give small errors in shot to shot measurements.
High temperature to ensure full ionization and
Tow collision frequencies. |

High electron density to give a large scattering
signal. |

The scattering plane perpendicular to the magnetic
field. |

Large enough ports sHou]d be built to allow the
entrance and exit of the laser beam Without
illuminating the glass tube  and to ensure a
reasonably large solid ang]erf the scattering

observation optics.

—

These requirements are interconnected. A high

temperature arc cannot be bui]t if it is not'reasonably

steady and stable.

The requirement (é) contradicts the first three.

Large observation windows mean that the magnetic field
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coils have to be separated by a large distance. This
makes the magnetic field inhomogeneous in the arc region.
The magnetic field inhomogeneity is partly responsible
for the unsteady behaviour of the arc, in particular the
presence of Br component (see Chapter 3).

In the design of the discharge a compromise amoﬂg
the above criteria had to be made. The theoretical calcula-
tions of dynamical behaviour of the arc, discussed in Chapter
], were also born in mind. However, no quantitative
calculations could be done. The theory was only a quaii-
tative guide to proper design.

Similar "hourglass"” shaped discharges have been
built before [1-5]. The experimental findings on those
discharges were also considered.

The important factors in the discharge design for
a given'magnetic field distribution are summarized in the

following:

1. The e]ectrodesAshou1d be far apart and as wide
as possible. Narrow electrodes carry a high
current density leading to their erosion and
consequently to a contamination of the arc by
the impurities.

2. The magnetic field makes the separation of the
electrodes possible. As the magnetic field lines
rapidly diverge outside the coils, where the

electrodes are to be, the plasma has to be guided
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from the electrodes to the high magnetic field
region.

The guidance is provided by glass funnels which
are attached to the outside of the electrodes.
The funnels follow the magnetic flux tube which
has the same diameter at the position of the »
electrodes as the electrodes themselves. In
this report this flux tube will be called the
distinguished flux tube.

The funnels must not end in too high a magnetfc
field, because the ion mass currents flowing
radially outwards at the funnel ends must not

be hindered.

When the funnel configuration is symmetrical with
respect to the center of the coil configuration
(z = 0), the arc does not rotate in the p]éne of
symmetry (see Chapter 1, section 1.2). The arc
rotational symmetry is better when it rotates
fast. A fast arc rotation is provided by an
asymmetric funnel configuration. The amount of
funnel asymmetry was chosen on the basis of the
author's judgement.

In order to bring the magnetic field coils

as chose together as possible and still see the
whole radial extent of the arc, the window tubes
were flattened in the section between the outside

and inside diameter of the coils.
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7. Glass windows for observation along the axis
were made at the end of the discharge tube.
These windows,protruding a few centimeters into
the discharge tube, also prevented a high con-
centration of current density at the center of

the electrodes.

The discharge tube, the coils and the magnetic

field lines are shown in Figure 2.2.

2.2.2 Plasma Current, Filling Pressure, Timing

A square current pulse 200 pusec 1long was produced
by discharging a 20 kV, 25 kJ capacitof bank through a
matching resistor. The capacitors in the bank were connected
in the usual way as a lumped delay line. The switching
device was an NL 1036 ignitron (rated at 15 kV, 35 kA)
equal to those used for the triggering of the magnetic
field éapacitor bank. The plasma current was adjustab]é
to a maximum of 5 kA by changing the charging voltage of
the capacitor bank. ’

The initial plasma development was aided by a glow
discharge, connected in parallel with the main discharge.
An alternative way, using a 1.6 uF capacitor, charged to
15 kV and discharged just before the main pulse, was

equally successful in preionizing the plasma.



34

The discharge was operated at a filling pressure
of 3 torr helium. Tests at higher and lower filling
pressures did not lead to satisfactory plasmas. At filling
pressures much higher than 3 torr the condition. were>>1
is not any more satisfied and the magnetic field has little
effect on the plasma. At much lower pressures too smal]r
an electron density is obtained.

The timing of the discharge with respect to the
magnetic field is shown in Figure 2.3. Since the period
of the magnetic field was 2.65 msec (section 2.1) |

the plasma was initiated 540 psec after the start of the

Figure 2.3 Timing of the plasma with respect to the magnetic
field. Upper trace: Plasma current. Lower trace:
magnetic field . Time: t = 100 psec per division.



35

magnetic field. It can be seen from Figure 2.3 that the
magnetic field was approximately constant during the arc

discharge.

The plasma prcperties are analyzed in the succeeding

chapters.



36

CHAPTER 3

TIME RESOLVED SPECTROSCOPY

Time and radially resolved spectroscopy provides
a method for the measurement of the temperature and electron
density. Usually the temperature can be determined by
measuring the intensity ratio of two spectral lines belong-
ing to different ionization stages. For helium these two
lines belong to the spectrum of neutral and once ionized
helium. The electron density is usually measured from the
Stark broadening of the spectral lines of ionized and
neutral helium.

In this chapter the spectroscopic measurement of
electron density and temperature is described. Two helium
lines were investigated: He I 4471 R and He II 4686 R,

The electron density was determined from the half width of
the He I 4471 R_line and the temperature from the intensity
ratio of the two lines.

The results are presented and discussed in Chapter
6 together with the electron density and temperature measured

with other methods.
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3.1 Theory

In this experiment a pulsed highly inhomogeneous
and to a good degree cylindrically symmetrical source of
radiation was analyzed. Due to this complexity the arc
spectrum had to be resolved threefold: in time, space
and wavelength. In side-on observations the spectral lines
have to be Abel unfolded (section 3.1.1). In such a case
it is most convenient to record the spectra on a spectro-
graphic plate, thus providing a radial and wavelength
resolution with the time as a parameter.

Due to the short duration of the plasma under
investigation a high temporal resolution was needed, leading
to short exposure times of the plates. As the response of
a photographic plate depends on the energy per unit area
received by the plate, short exposure times require a high
intensity of incident light. This was to some extent
provided by using relatively wide slits of the detecting
instruments: the spectrograph and microdensitometer.

Wide detector slits however are not desirable for the half-
width measurement of the spectral lines. Often, the
recorded line profiles have to be deconvoluted with the
instrument profile (section 3.2.3).

When the temperature is determined from the
intensity ratio of two spectral lines, wide slits can be
used. It has been shown [14] that the intensity ratio

does not depend on the slit width when the product of the
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spectroéraph entrance slit width and the spectrograph disper-
sion (R/mm) becomes much larger than the line halfwidth.
For such wide slits the energy density distribution,
recorded by the plate, is flat-topped and its maximum is
proportional to the line energy. By taking a single measure-
ment of the plate density at the center of the f]at-toppé&
distribution for each line, the ratio of their total
intensities can be determined. It is therefore advantageous
to use wide slits for temperature measurements. However,
too wide slits must not be used, because the plate enefgy
due to the continuum radiation grows proportionally with
the sl1it width.

For the line intensity measurements the plates
must be calibrated due to their nonlinear exposure response.
The calibration is provided by illuminating a stepwedge
with a standard source of continuum radiation, 'and.then
projecting the stepwedge onto the spectrograph entrance
slit. A set of bands of different density is recorded by
the plate. As they are produced by known exposures, the
H-D curve of the emulsion can be constructed. This is

sufficient for relative intensity measurements.

3.1.1 Abel Unfolding of Spectral Lines

The spectroscopic measurements, used in this
experiment to obtain the radial distributions of electron

density and temperature, required a knowledge of the
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emission profile for each chosen spectral line at various
local points in the plasma. In side-on observations the
intensity profiles integrated along the 1ine of observation
are recorded. For cylindrical symmetry and an optically
thin plasma it is possible to relate the observed intensity

profiles ix (y, X) of a spectral line to the local emission

0
profiles of the same 1line €y (r, A) through the integral:
0
_ ( ) o exo(r,x)rdr ( |
-i y, }\ = 2 I . 3.]
AO y (r2 _ y2)1/2 .
where
AO = central wavelength of the profile
y = distance of observation line from the
arc center
ro = arc radius
r = <cylindrical coordinate.

The emission profiles are obtained by the well known

Abel transform [15]:

'(y,A)dy

i
J”o Ao
i (yz 2172

(Y‘,)\) = -
0

£ (3.2)

3 [

A

where (') indicates the derivative with respect to y.
The evaluation of eq. (5.14) is most easily done
by a computer. In this experiment the method given by Barr

[16] was used.
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3.1.2 Spectral Line Broadening and the Electron Density

_ A usual way of measuring electron density spectro-

scopically is to deduce it from'thé hé]fw%dth of Stark
" broadened lines. |

7 Two spectral lines bright enough to produce a
sufficient e*posure of the spectr&graphic plates were
investigated: the He I line at A = 4686 A and the He I
line at A = 4471 K. Under our experimental conditions
both lines were broadened mainly by Stark effect, Zeeman
effect,and to a smaller degree by Doppler effect. Due to
relatively wide spectrograph slits the ihstrumenta]
broadening was also important.

Unfortunately thé profiles of the 1inevHe IT 4686 R
could not be used for density measﬂrements for various
reasons. At electron densitieé around ]Omcm'3 as en-
countered in the investigated p1asma the halfwidth of the
line profile.arising from the Stark effect of the electric
microfields is of the order of 0.5 to 1.0 A [15]. The
contribution of Doppler broadening. at 8 x 104°K to this
wou]d-be about 0.2 K, assuming that the Stark effect pro-~
duces a Loréntzian line shape. The normal,Zeeﬁén effect
of this 1ine‘at magnetic fields of 4.0 Teslas introduces
a shift of the c-compbnents of + 0.4 R. The actua] line
shape is then a convolution of all these contributions.

Since no theoretical calculations for combfned Stark and
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Zeeman broadening are available for this line an attempt

at unfolding the various contributions is foiled from
the outset. But even if a reasonable assumption about
the effect of the different contributions was made,
the evaluation would be severely hampered by the fact
that fof intensity reasons the instrumeht profi]e had a

halfwidth of 2 A.

3.1.2.1 Broadening of He I 4471 A

The profile of the He I 4471 R was used for the

~measurement of the electron density.

Stark Broadening. The broadening of the spectral line

He 1 4471 K has -been extensively studied theoretically by
Barnard, Cooper and Shamey (BCS) [17] and other authors
and experimentally by Barnard and Nelson [18];Stevenson
[19] and Burgess et al. [20]. | | |

He I 4471 A consists of 2 comhonents: an allowed

line arising from the transition 43p - 23P and a forbidden
line due to the transition 43F - 23P. At the electron
density 01"_10]6cm'3 the peak intensity of the forbidden

component just reaches the half intensity‘of the allowed
componenf. The electron densities below 1O]6cm'3 can
be obtained most accurately from the halfwidth of the

“allowed transition. If the minimum between'the'a110wed
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and forbidden component is not smeared out (e.g. by the
instrument profile) the method of using the allowed
transition for the electron density measurements can be

16 -3

extended up to the electron density of 3x10 “cm (Fig. 3.1).

Doppler Broadening. The He 1 4471 A 1ine is emitted

strongly only from the regions with temperatures ranging
up to 50.000°K. At 50.000°K the Doppler halfwidth is
0.35 K. The measured halfwidths were between 2 K and
SIK. The Doppler broadening was estimated to contribute
less than 0.2 Z to the line halfwidth if convoluted into
the theoretical profile and was neglected in our measure-

ments.

Zeeman Broadening. The Zeeman splitting of the line

He I 4471 A is complex, particularly in the presence of
broadening by Stark effect. The combined Zeeman and Stark
splitting has been investigated by Deutch et al. [21]

and the combined Zeeman and Stark broadening by Deutch
[22].

The combined splitting of the lines depends on
the angle between the electric field E and the magnetic
field E. In a plasma the electric field is due to the ions
surrounding the radiating atoms and is statistically dis-
tributed. The combined broadening is calculated by

averaging over the ion microfield distribution W(E). The
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calculations are possible if N(E) is not affected by the
magnetic field. This is true as long as the electron
Larmour radius L remains much targer than the Debye

length LD.

— = 4.5x10 ’ | (3.3)

=3 The ratio (3.3)

where B is in Teslas and Ne inm
is about 10 for the plasma investigated here and the
theoretical results of Deutsch [22] can be used.

The main effect of the magnetic field for the
observation perpendicular to the magnetic field is an
asymmetry of the line profile. The comparison of a line
profile of He I 4471 R calculated in reference [22] for
the combined Stark and Zeeman broadening (B = 7.0 T
Ng = 5 x 10]6cm'3) and Stark broadening only at the same
electron density showed no difference in halfwidths. The
plasma parameters in this experiment (B = 4 T, Ng = 10]6cm_3)
favoured the Stark effect even more. Therefore the
contribution of Zeeman broadening to the halfwidths was

ignored.

3.1.3 Line Intensity Ratio and the Electron Temperature

In this section the measurement of temperature
from the line intensity ratio of He II 4686 A to

[o]
He I 4471 A will be described. The spectroscopic measure-
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ments yield the electron temperature distribution in the

cooler regions of the arc at the radius 3 mm < r < 8 mm.

Closer to the arc axis the intensity of He I 1line was too
weak for the measurement of the line intensity ratio.

In Appendix C the intensity ratio of two spectral
lines belonging to different ionization stages is calcu-
lated. Eq. (C-5) can be rewritten as

i n

P4 - p(7 ) L | (3.4)
rs & 7.1

The line intensity ratio is proportional to a function of
electron temperature and atomic constants F(Te) and to
the ratio of densities of Z times and Z-1 times charged ions.
When the ion dénsity ratio and the line intensity ratio
are known the electron temperature is determined by a
graphical solution of eq. (3.4).

The next two subsections deal with the calculation

of the ratio n,/n, ;.

3.1.3.1 Static (Corona) Ionization Ratio nZ/nZ_]

Much effort has been put into the calculations
of nZ/nZ_] for helium. The interested reader is referred

to the work of Mahn [23] and Mewe [24]. To calculate the

ratio nZ/nZ_] all the transitions, that is all population
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and dépopulation processes among the levels of Z-1 times
.qharged ion have to be considered. The mosf important of
these levels are the Tower levels which are not thermally
popuTated and for which the Sahé Boltzhagn equation
cannot be used. The equilibrium of lower 1evé1s is
maintained by collisional excitation processes and radia-
~tion deexcitation processes. This equilibrium is the well
known Corona equilibrium and the corresponding equation
for n,/n; 4 is called the Corona equation. In this
report the Corona equilibrium will be'ca11ed static
ionization equilibrium, because the dynamic effects of
the ion motion are neglected in it. According to this

N

equi]ibriuﬁ the ratio "Z/"Z-I is [25].

. 7)
n £, -
4 1 KT i
= exp {- } (3.5)
nz-1 omgs 7%e(2) KT .-
: e2 1‘
where ¢ is the fine structure constant: ¢ = 4"Edhc = 137

o]

The ratio of He II 4686 A to He I 4471 A line
intensities calculated from eqs. (3.4)an6 (3.5) is plotted
as a function of temperature in Figure 3.2. On the same
graph the intensity ratio is given by another fhnction:
calculated from eq. (3;4), using experimental |
ya]ues for n2/n] obfained in an arc similar tq ours [5].

The difference between the two curves presented

in Figure 3.2 is due to the dynamic'behavibur‘of the arc,

discussed below.
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3.1.3.2. Dynamic Ionization Ratio nZ/nZ_]

In Chapter 1 the axial and radial flows of
charged particles caused by dynamical processes in the
arc were discussed. The radial velocities of charged particles
were calculated in Appendix B in terms of pressure, and
densities of charged'barticles. Here it will be shown
that the static ionization formulae cannot be applied to an
arc in a magnetic field, because the static ionization
eqUi]ibrium is displaced by the motion of ions. Only fhe ion
motion parallel to the direction of temperature and density
gradients, that is in the radial direction, affects the
ionization equi]ibrium. The doubly charged helium ions
diffuse outwards. Because of their finite recombination
(re]axétion) time they increase the Tocal density of doubly
charged ions to a value higher than the static ioniiation
deﬁsity. The larger the radial velocities and the larger
the ion relaxation times the more the displacement of
ionization affects the ratio.nzln].

The local balance of charged particles is given

by the following equation:

an,(r) , >
T ¢ IZ_](r) nZ_](r) - Rz(r) nz(r) - d1v[nz(r)vz(r)]

(3.6)
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I and R, are the local ionization and re-

Z-1 Z

combination rate coefficients respectively. The last term
of eq. (3.6) describes the loss or gain of ionized
particles of speciesAZ in a unit volume due to their out-
flow or inflow. A relaxation time T, can be defined as the

decay time of an ion density disturbance. Then from

eq. (3.6) it follows that

T, 5 T RS (3.7)

The ionization and recombination rate coefficients
are proportional to the electron density, but'they are
comg]icated functions of the temperature. Moreover in an
inhomogeneous plasma they as well as T, are functions of
position. At each radius r a balance is established among
the radial flow term div.(nZ VZ), ionization term (IZnZ-l)
and recombination term (Rznz). For a given radial ion flow
the ionization ratio n,/n, ; is determined by the coefficients
IZ-] and RZ' According to the equation (3.7) TZ(r) then
determines, for a given velocity distribution, the
deviation of nz/nz_](r) from its static value. The theoretical
static ionization relaxation times ) of doubly ionized
helium are represented in Figure 3.3 as a function of °
temperature. T, Was calculated from formulae derived by

Mahn [23] and given by Tichmann [25] in a clear form.
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At moderately high temperatures between 4 eV and
8 eV which are definitely obtained in the arc in the domain
of the spectroscopic measurements of electron temperature,
the ionization relaxation times are large. The ions with

1 travel a path of

a small radial velocity, say 10 m sec”
a few millimeters before they recombine. The number of doubly
charged helium ions at a given place is then much different
“than théir number corresponding to the static ionization.

In order that the static ionization equilibrium

~be present in the helium arc the inequality
<< 4 x 1077 m ' - (3.8)

has to be satisfied [5]. An expression for the radial
velocity of doubly charged hé]ium ions Vou is.given in
Appendix B. The temperatufé and pressure gradfents taken
from graphs in Chapter 6 give-v2r > 10 m sec']. For these
radial»ve]ocities the condftion of eq. (3.8) is vio]atéd.

' "Recall equation (3.6). In % region of the arc
where there are also Z-1 charged ions an analogous equation
is valid for them. In a stationary case a setrpf two
eduationg describing the équi]ibrium in a zone of mixed
Z-1 and Z.times charged ions is found. The two equations
'are: | |
-Rv n, = div (nZVZ)

Z-1 "Z-1
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Figure 3.3 Theoretical static ionization relaxation time
of doubly charged helium ions versus
temperature.
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-

7 Ny - IZ_1 N,y = div (nz_] VZ-]) (3.9)

In the case of static equilibrium

I,y Mgy - Ry =0, or
n I

L - —ﬁ—‘ (3.10)
Z-1 Z

If eqs. (3.9) are solved for the ratio nz/nz_]

they become:

I div(n,v,) |
¥z
- ] C(3.11)
L7124

The second term in eq. (3.11) describes the deviation
from the static ionization ratio. That term should be << 1
in order that the Corona formula could be used. Unfortunately,
formula (3.11) is not very suitable for the electron
temperature measurements, because it contains the spatial
distribution of velocities which is dependent on the tempera-
ture and pressure gradients. The Corona formula is not valid
because of too large radial velocities.

Therefore the n,/n,_4 ratio must be measured for

the correct determination of electron temperature.
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3.2 Experiment

3.2.1 Optical System

The optical system for the time resolved spectro-
graphy (TRS) is shown in Figure 3.4.
The arc center was projected by lenses L], LZ’ and

L, onto the entrance slit of an f/12 smear camera (SL.) [26]

3
so that the apertures of the camera and lenses were matched.
The radial extent of the field of view was determined by
the size and position of the entrance pupil. The size‘of
the entrance pupil was dictated by the diameter and length
of the window tube.

In fhe exit plane of the smear camera a mirror
was mounted to reflect the beam through lenses L6 and L7
onto the spectrograph entrance slit. The aperture of the
spectrograph (f/6.3) was again well matched with the
apértures of the smear camera and the arc-smear camera
optical system. Stop 1 assured that the arc light did not
overflow the spectrograph mirror and stray the light in
undesired direction in the spectrograph.

The magnifications of the arc-smear camera optical
system and the smear camera-spectrograph optical system
were 1.4 and 0.54 respectively; the total magnification

was 0.8.

The smear-camera (SC.) served 2 purposes:



Figure 3.4 Optical system for time resolved
spectroscopy and photography.
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1. 4time resolved photographic study of the
| arc, and
2. a shutter for time resolved spectroscopy.

For the time resolved phdtographic study of
the arc a conventional camera was mounted at the exit slit
~of the smear cameré; The same arc - S.C. optical system
was used as in TRS.

In TRS the beam of the arc fight entering the
entraﬁce s]if of‘the S.C; was projected onto the spectro-
~graph entrance s1it 122 or 150 usec after the initiation
of the arc. This time was determined by replacing thé
mirror on.top of the S.C. with a Polaroid camera. From the
known position of the beam in‘thé smear camera exif'p1ane
at the time when it swept the spectrdgraph entrance slit,
the instant of exposufe was determined by studying the
streak photographs. The rebroducibi]ity was checked and
~the error in timing was established to be less than 10
usec.‘ |

The plate exposure timé, fog a given optical
setup, is inversely proportional to the S.C. sweepspeed*
and proportional to the combined width of S.C..blus spectro-
graph entrance slits. The maximum exposure time of 14;17
usec was thus l1imited by the lowest S.C. sweegépeed of
0.022 cm/usec - and the necessity to use a relatively narrow
spectfograph sTit. So shortian exposure tiﬁe Timited

the spectroscopic investigation in this”experimeht to the

*The sWeepépeed is the speed of the entrance slit
image in the exit plane. A o



study of the strongest He II and He I Tlines, but provided 56
a very good temporal resolution.

The width of the S.C. entrance slit also determines
the spatial resolution along the axis of the arc. The
spatial resolution of spectroscopic measurements was 4 mm.

For the measurement of the relative intensity
distribution of spectral lines each plate has to be
calibrated, in other words, the exposuré response of the
plate has to be found. The optical system for the calibration
is shown on Figure 3.4. The standard light source is a
Spindler and Hoyer carbon arc. When the arc carries a.current
of about 10 A the arc anode radiates like a black body at
3800°K [27]. )

The arc anode is projected by lenses L]C and"L2C
onto a Hilger F 1273 neutral density stepwedge filter. The
7 fold magnification of the arc anode image on the stepwedge
assured a Qniform illumination of the stepwedge. The stepwedge
was projected onto the entrance stit of the S.C. and from '

there onto the spectrograph entrance slit.*

The S.C. served as a beam chopper for the exposufe
of the plates by the carbon arc. In order to enshre a
stable operation the arc was run for several minutes.
The needed exposure time was only about 15 pusec 1long,
i.e., of the sahe order of magnitude as the exposure time
for the helium arc. This is why the carbon arc light was

chopped by the S.C. and shuttered by an ordinary camera

*

The stepwedge had 7 filter steps. In order to get
more points for the H-D curve, narrow strips of neutral density
filter were mounted on the spectrograph plate holder so that
they covered a strip of the stepwedge image in the vicinity of
the lines to be analyzed. This way 21 points for each step-
wedge curve were obtained.
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shutter put in front of the spectrograph slit (see Figure
3.4).

At the instant of exposure the S.C. was rotating
with a period of 13 msec . Without the shutter the plate
would be exposed too many times during several minutes of
the arc opefation. By opening the shutter fo} 1/3 or 1/2
of a second the carbon arc exposed the plate only 15 or
40 times for about 18 upsec each time.

A11 these precadtions were necessary in order to
avoid reciprocity failure of the plate emulsion. Theofetic-
ally there should be no reciprocity failure for the
exposure times as short as used in this experiment [28] so
that small differences between the exposure times of the
carbon arc and the helium arc should not matter.

The intermittency effect is another possible
source of failure of the photographic emulsion [29]. This
failure arises due to the fact that the emulsion reacts to a
large number of short exposures equally as if it would be
exposed by only one exposure for the time equal to the sum
of all short exposure times. As long as the number of
exposures is kept below about 100 the intermittency effect
is absent.

One Timitation was imposed by the spectrograph
itself due to its astigmatism. Lines perpendicular to
the entrance slit could not be focused along the whole

length of the plate. Because of that the two lines used
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for the temperature measurement had to be relatively close

together if radial resolution was to be possible. The
spectrograph was then focused in their vicinity so that the
smearing of the lines and stepwedge due to misfocusing

was negligible.

3.2.2 Plate Analysis

The plates were analyzed on a Grant Spectrum
‘Line Measuring Comparator. This comparator records 3 co-
ordinates: X = position that corresponds to wavelength,
Y = position that corresponds to radial spread of the l1ine,
and the plate transmission. The X position‘and plate
transmission were recorded automatically on an IBM 526
card punch upon a push of a button. The Y position was
punched manually.

Ideally the comparator slit should be as wide and
as long as possible to average the transmission reading
over a large number of‘emulsion grains. Also the Comparator
is more stable at lower sensitivity (for a larger slit area
a lower sensitivity is needed to give the same output
signal). In practice, however, a compromise had to be made,
because a high radial and wavelength resolution was desired.
The Comparator was used at maximum sensitivity and at
maximum magnification (20 times). ~The slit length, oriented
along the spectral line, was 10 mm long, corresponding to a

length of 0.5 mm on the plate. Because the arc-sepctrograph



59
magnification was 0.8, the radial resolution of the méasure-
ments was about 0.6 mm. For most readings the Comparator
slit width was 0.6 mm corresponding to 0.3 K on the plate.

Each Tine was scanned 1in the X direction at
constant Y. Then the Y coordinate was changed by 0.5 mm and
the X scan repeated. The number of such profiles was between
10 and 20 for each line, ensuring good accuracy for Abel
unfolding.

The data of the stepwedge and the Tine profi]es
were then processed by an IBM 360 computer; The outpufs
were the Abel unfolded spectral line profiles with the
radius as a parameter. The Tline halfwidths and the intensity
ratios were then determined manually, because some judgement
for the magnitude of the continuum and because of eventual

scatter of the profile points was necessary.
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3.2.3 Interpretation of Spectral Line Intensities

Due to low exposure times, necessitated by the desire for
good temporal resolution, the slits used were so wide that
for halfwidth measurements the measured line profiles |
should have been decbnvo]dted from the {nstrument profiles.
However instead of deconvoluting éhe Tine shapes the
theoretical intensity distribution of He I 4471 A (BCS)
was éonvo]uted with the instrument’profile * The lTatter:
was a trapezoid with the bases of 2.3 A and 1.7 A (2 A due
to the spectrograph, 0.3 A due to m1crodens1tometer The
halfwidth of the allowed component of the convoluted brofi1e
was then plotted versus the halfwidth of the allowed com-
ponent of the true theoretical profile of He I 4471 A.

The convoluted profiles corresponded to the measured
profiles. The halfwidths bf the true profiles were then
determined from the halfwidths of the measured brdfi1es by
interpo]afion in this graph.

For temperature measurements the ratio of doub]y
to singly eharged helium ions n2/n] hes to-be determined
experimentaily (see section 3.1.3). For this, two measure-

ments have to be done, e.g.: (1) the 1ntens1ty rat1o of

*I thank Dr. A.J. Barnard for cohvoTuting the
profiles. ' ' ,
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two spectral lines (measured in this experiment) and
(2) the intensity ratio of a helium line to continuum. The
latter measurement was impossible in thisjexperiment,
because of too shorf exposure times. Iﬁséead two approxi-
mations for n2/n] were used: the Corona.equation and an
experimental curve, giving nz/n] as a function of tempera-
ture, obtained in a similar arc by Bergstedt'[S].

The temperature and pressuré—gradients in thé
arc discussed here were about the same as in that investigated
by Bergstedt. As the radial ve]ocity.and consequently the
ionization %atio depend on these gradients, Bergstedt's
ratio of nz/n] is considered a better approximation to the
conditions in this experiment. Thus two curves for the
temperature were obtained by a graphical solution of the
equation (3.4). |

A wide spectrograph'entrance slit (1}mm) wés used
for temperature measurements as well as a narrow slit
(0.2 mm) which was used also for the electron density measure-
ments. In the former case the maximum intensity of the |
flat-topped profiles was measured whilst in the latter case

the profiles had to be integrated graphically. -
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3.2.4 Photographic Study of the Arc

The simplest yet very informative study of the
arc consisted of time resolved photography with a smear
camera. In this experiment the camefa was used at its
slowest speed. The optical setup was the same as that of
the arc-smear camera system of the time resolved spectroscopy,
which is described in detail in section 3.2.1 (Figure 3.4).
| The arc was analyzed at various currents between
1.0 and 5.0 kA, various filling pressures between 0.5 and 30
torr and a few values of magnetic induction ranging up to
4.0 Teslas (at z = 0).

For each set of parameters pictures were taken in
full plasma 1ight and in the light of the line He II 4684 A.
For the latter an interference filter was used with maximum
transmission at a wavelength of 4686 R and a passband of
15 K. Both methods complemented each other. The He II
line was emitted mostly from the hotter regions of the arc
close to the discharge axis.

The pictures taken in He II 1ight therefore show
the diameter of the hot core of the arc. The pictures
exposed to full plasma light showed mainly the cooler regions
of the arc from which mostly He I 1ight was emitted. They
show the total spread of the arc column. 0

Stationary and unstationary rotation of the arc
was also studied. The results are presented 1in Chapter 6,

section 6.1.
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CHAPTER 4

LASER INTERFEROMETRY

Laser interferometry is a simple method for the
study of the arc at varying values of plasma current,
magnetic field and filling pressure. |

The interferometer used in this experiment wés of
the Fabry-Perot type previously used in this laboratory
by Funk [30], Stevenson [19] and Preston. A greatly improved
and sophisticated Fabry-Perot interferometer has been devel-
oped by Funk [30] and Preston and Curzon'[31], For this
experiment it was decided to use the conventional arrangement

because of its simple construction and alignment.

4.1 Theory

The refractive index of the cavity changes when
a plasma is introduced in the interferometer. The refractive
index n of a plasma depends on electron density Ng- In a
magnetic field B parallel to the laser beam the refractive

index is given by



64

) _
n2 = 1. —P_ (4.1)

u)(o.) + W )

where
wy = plasma frequency
w = laser frequency
wy T electron cyclotron frequency.

For magnetic fields of our interest (up to 5 Teslas) and a
He - Ne Tlaser the inequality w >> Wy is satisfied. Making
further use of inequality w >> Wy one can write for

equation (4.1):

n = 1 -—2>=2=, (4.2)

where Na is the electron density and the other symbols have
their usual meaning.

A laser beam passing through a region of length
L with a refractive index n(z), changing along the laser

beam, experiences a total phase change of §:

~N

L
§ = A—’l IO [n(z) - 1]dz (4.3)

" Knowledge of the plasma length L and of the variation

of electron density along the resonator axis allows us to
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determine the electron density from the ﬁodu]ated intensity
of the laser beam. Usually the electron density is assumed
constant along the who]e'length of the plasma. A phase
change of 27 or an equivalent optical path length change
of A/2 then corresponds to a change in electron density of

2m, €4 W 9

e L AL

where A and L are both in meters. The number of maxima
or minima in the modulated laser beam is the measure of the

electron density.

4.2 Experiment

The Fabry-Perot resonant cavity is formed between
the exit reflector of the laser and a mifror outside the
laser cavity. The experimental arrangement is shown in
Figure 4.1. The rotatable plexiglass plate is used for
radial scanning of the arc. The 1 mm diameter stop‘limits
the cross section of the beam to give a desired spatial
resolution. The presence of other components is obvious.

A change of the optical path length in the
external cavity changes the phase between the two laser
beams and the output intensity is modulated.. The optical
path length changes due to two main reasons: vibrations
of the mirrors and changes of refractive index of the

cavity.
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Figure 4.1 Laser interferometer.
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The vibration of the mirrors has to be reduced
as much as possible, so that it does not contribufe to
phase changes of the beam. For this reason no component
of the interferometer was attached to the table on which
the discharge was fixed. Also the vacuum pump was shut
off while the fringe pattern was being taken.

Some vibrations of the Fabry-Perot cavity remain
in spite of all precautions. These Vibratioﬁs make the
initial or final phase of the interference fringe pattern
uncertain by xm or half of a fringe [30]. How this

ambiguity was avoided is described in the next section.

.4.3 Interpretation of Interferograms

The interpretation of interferometric data is based
on the assumption that the plasma is homogeneous along
the laser beam. A few other problems make the measurements
more difficult, e.g., the uncertainty of the initial phase,
the impossibility of predicting the time derivative of the
electron density, the unstationary behaviour of plasma at

the start of the discharge etc.

4.3.1 Plasma Homogeneity

The plasma discussed in this report has a compli-
cated geometrical configuration (see Figure 3.1, Chapter 3),

therefore it was not automatically assumed that the electron
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density was constant along the beam path. E.g., the electron
density might have axial gradients, because the magnetic
field and the arc cross section vary along the arc axis.

For this reason the interferometry was used only
to measure the relative radial distribution of the electron
density. The absolute values of the interferometric electron
densities were obtained by fitting the interferometric
electron density profile onto the electron density profile
obtained from spectroscopical data..AThe fitting was done
at the radii at which both methods were most re1iab1e..
Thus a calibration constant for the interferometric electron
density profiles was obtained. One fringe corresponded to a

]6cm°3, The electron

change of electron density of 0.34 x 10
density profiles are given in Chapter 6, section 6.1.2. The

possible plasma inhomogeneity is discussed in Chapter 6.

4.3.2 Instability of Fringes Due to Unstationary Behaviour

of Plasma

In Chapter 1, section 1, it was mentioned that the
plasma is unstationary at the beginning of the discharge due
to unavoidable radial component of the electric current
density. The consequence of this unstafionary behaviour
was that the fringes were unstable at the beginning of the
discharge, showing rapid oscillations that could not be
well resolved. A few typical oscii]ograms are shown in

Figure 4.2. Of primary interest in this experiment was
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time

Figure 4.2

(c) (d)

Laser interferograms. Data: B,=4.0 T, filling
pressure pf=3 torr; plasma current: a) 1.35 kA,
b) 2.0 kA, c) and d) 2.7 kA. Scales: t=50usec/
div; lower trace (fringes), 0.05 V/div; upper
trace (plasma current); a) and c) 1.35 kA/div,
b) and d) 2.7 kA/div.
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the electron density towards the end of the constant part
of the plasma current (at t = 150 p sec after the start of
the current). The plasma was stationary at that time.
Later the electron density reproducibly decayed to zero.

To avoid this difficulty, the fringes were counted
from the end of the plasma pulse.

At currents higher than 2.7 kA the plasma was
unstationary during the whole current pulse causing a rapid
oscillation of interference fringes. Information about the
arc rotation was obtained from such interferograms. The

results are given in Chapter 6, section 6.1.

4.3.3 The Ambiguity of the Final (Initial) Phase

The ambiguity of final phase was partially avoided
by taking enough photographs and analyzing only those that
ended at a peak transmission or close to it. Such photo-
graphs were easy to identify provided that the fringes had
an approximately constant amplitude (see Figure 4.2). The
number of fringes was thus identified to within 1/4 of a

fringe.

4.3.4 Sign of the Time Derivative of the Electron Density

A disadvantage of a simple interferometer such as
the one used in this experiment is the 1mpossibi]ity of

predicting the sign of the time derivative of the electron
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density. Therefore, it is very difficult to determine the
boundary between increasing and decreasing electron densities.
In the plasma discussed here this was no problem. The
fringes were counted back from the end of the plasma pulse,
i.e., in the range of decreasing electron densities. The
electron density at the time ~ 150 usec after the start

of the current pulse was measured. As the electron density
between the times of 80 psec and 150 pusec was approximately
constant, it was relatively easy to establish the fringe

reversal.
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CHAPTER 5

LASER SCATTERING

In recent years laser scattering has become a
standard diagnostic technique for analyzing laboratory
plasmas.‘ The development of Q-switched lasers and photo-
multipliers highly sensitive at the ruby Wave1ength has
greatly facilitated the detection of the scattered Tight.

A considerable aﬂvantage of laser scattering over other
diagnostic techniques lies in the fact that the measurements
can be made with high sbatia] and temporal resolution. It
also gives infofmation about a wide range of plasma |
properties and parameters such as electron and ion tempera-
tures, electron density, fluctuations, velocity distribution,
drifts and waves, etc. This informatioﬁ is obtained from
the spectral distribution and total intensity of scattered

light.

5.1 Theory

. 5.1.1 Scattered Power and Spectral Distribution

The power scattered into a solid angle dQ in a

frequency interval dw is given by
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> dzo
dP_(k, w)dw = o da PO d1 d@ do (5.1)
where

Ps = scattered power

P0 = incident power

dl = length of the scattering volume

k = ?] - Es is the scattering wave vector, given
as the-difference between the incident and
scattered wave vectors

w =Wy - W is the frequency shift, given as a

difference between the frequencies of incident

and scattered light.

The differential scattering cross section per unit solid angle
per unit frequency interval is usually expressed in terms of

Thompson scattering cross section or and the form factor

s(k, w) .

= o; S(%, w) (5.2)

The form factor describeé the spectral distribution
of the scattered radiation. 1Its calculations have been
published and discussed in many references, e.g. [32].

The spectral distribution of scattered 1ight

S(k, w) may best be understood in terms of the parameter
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o defined as the ratio of scale length for -scattering k']
and the Debye length LD

o = —1 = 1 (5.3)
D 2k Ly sin(6/2)

Where 6 is the scattering angle, i.e. the angle
between the incident and scattered wavevectors.

The scattered spectrum can be easily calculated
if tﬁe following assumptions are made: Maxwellian distri-
bution of both electrons and ions, no coliisions, Coulomb
interaction energy is shé]] compared with the thermal kinetic
energy, the observation time is long compared with the period
of fluctuations, and no éxterna] magnetic field. With these
aésumptions the frequency spectrum is given by

ORI TR E L
S(wy k) = 28 {| ——— | F_(-Y) + 7] —t—0or
K T-G,-G; | 'e'Tk T-G,-6

x Fi(-1)} (5.4)

where:

Fe(-%) and Fi(—%) are the Maxwell-Boltzmann velocity

distribution functions, - 1/2 my
F(v) = (fFKT_) exp {-§KT}

for the electrons and ions respectively.
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6 (0) = -a? [1 - f(x) + in1'/% x exp(-x?)]
Tey 2 172 2
Gi(w) = -Z(37) o"[1 - fly) + in "%y exp(-y7)]
i .
2k2 KT 172
- W = W = (e & =
X = w2 Y w., > Ye ( m ) kve’
e i e
2
2k KTi 1/2
o = ) =y
j
. X
: - 2 : 2
f(x) = 2x exp(-x-) [ exp(t®) dt
0.
For T. < T_ a good approximation to equation (5.4)

1 e

can be given in terms of a family of single parameter

functions T, of one variable:

Ne -1 a? 24
S(w, k) = T [6_-Pa(x) + 7 ( 2) o PB (y)] (5.5)

e 1+o i

where:

4 2

2 - azf(x)]2 + ma' x° exp(-2 x2)}

Fa(x) = exp(rxz) {[1 + «

FB(y) = exp(-yz) {[1 + g2 - g2 f(y)]2+ ﬂ84y2 eXD(-ZyZ)}
02 - le 2d? g2 Uy
Ti 14a? We o
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Examination of equation (5.5) shows that the
first term represents relatively wide distribution,
corresponding to Doppler spread frequencies characteristic
of the electron thermal motion,whereas the second term
represents a much narrower spectral distribution corres-
ponding to the jon thermal motion. It is convenient to
refer to the two terms as electron and ion components of
the scattered spectrum respectively. The two components
are plotted in Figure 5.1 for various values of the
parameter a. |

As a function of a the scattered spectrum changes
from a Gaussian shape (a << 1) via a flat topped spectral
distribution (a = 1) to a spectrum with a distinct peak at
plasma frequency (a >> 1). In the presence of a magnetic'
field the scattered spectrum is modulated at cyclotron
harmonics when the scattering plane is perpendicular to

the magnetic field.

5.1.2 Fitting df Experimental Data to the Theoretical

Profiles

The fitting of exberimenta] scattering data to the
theoretical profiles giveé electron temperature and o.
The technique used in this experiment was originally proposed
by Kegel [33]. It has been improved and computerized in

this laboratory by Churchland [34] and Godfrey [35].
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Shape of the electron and ion components as a

function of parameter o for case Ti =

T

e"
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From eq. (5.5) it can be seen that for a given «a
the electron component of the scattered spectrum is only a

function of a dimensionless parameter x.

X = = C(_—A>\__)
k Vg T sin%

(5.6)

Where C is a constant for a given wavelength of

the incident light and AX is the wavelength shift.
log X = 10g,,C + 10g,,0A - 1 1o (7 sin2 9) (5.7)
10 %10 10 2 %90 2 '

Two profiles of the same o have to coincide if they
are normalized to x. This can be used to determine the
value of o for an experimentally recorded spectrum.

The theoretical profiles are plotted as 10910

S{(a, AX) vs Tlog AX for a certain temperature T For
10

th’
various a's a family of profiles is obtained with a as a
parameter. The experimental profile is also plotted on
the same type of graph with the ordinate 10910 (rel.
intensity) normalized to the same value as the ordinate

of the theoretical profile. ‘Then the experimental profile
js fitted on one of the theoretical profiles (least square
fitting can be used) by shifting the profiles horizontally

and vertically with respect to each other. Thus o is

determined.
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The experimental electron temperature TeX is

determined from the relative wavelength shift of the

experimental versus theoretical curve by the formula:

eeX

Tex $1n _2—_
10919 7, - = 210075 Bhgy-Tog, o BAgp)- 2 Togyg( ) (5.8)

2

Indices ex and th refer the corresponding quantities
to experimenta1 and theoretical profiles respectively.

The accuracy with which the electron density and
a can be determined by this fitting method depends on the
value of a. For small a's the electron temperature is accurate
and o is not. For intermediate a's the accuracy of both is
about equal. For large a's the density can be determined

accurately but the error in electron temperature is large.

5.2 Experiment

The magnetic field coils and the discharge vessel
were designed so that the scattering plane is perpendicular
to the externa1‘magnetic field and scattering angle is 90°.
A scattering angle of 90° gives small a's. It is also the
most favourable angle for reducing the stray light. The
perpendicularity of the magnetic field and the scattering
plane is a condition for the modulation of the scattered

spectrum at cyclotron harmonics. However, in this experiment
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no attempt was made to resolve the cyclotron harmonics.
The scattered spectrum was used only for the determination

of electron temperature and density.

*
5.2.1 Scattering Apparatus

5.2.1.1 Description

The scattering apparatus is shown in Figure 5.2.
It consists of a pulsed ruby Taser, an optical system that
focuses the laser beam into the plasma and a detection
system.

The Q-switched ruby laser consists of an oscillator
with a polarizer and a Pockels cell and an amplifier
(Figure S.Sb), The Pockels cell Q-switches the laser. It
is charged to 10 kV until it is triggered by a coaxial
spark gap (Figure 5.3a). A few nanoseconds after the
spark gap breaks down, the vb]tage of the Pockels cell
drops f;om 10 kV to 0 volts in about 2 nanoseconds opens
the Pockels cell and thus Q-switches the laser.

The laser beam is focused onto a pinhole of the
diameter of 1.5 mm. The pinhole is imaged with an approxi-
mately one to one magnification into the center of the
plasma. It was found that the pinhole reduced the stray
light.

The scattering optics consists of two lenses

that image the arc center onto the entrance slit of a 3/4-m

*

The laser and spark gap were built and operated by
Dr. J. Meyer. The whole scattering experiment was done in
cooperation with him.
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Figure 5.2 Apparatus for the laser scattering experiment.
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Figure 5.3 Details of Figure 5.2 (a) Spark gap for

triggering the Pockels cell (b) Pulsed
ruby laser.
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Spex monochromator. The magnification of the detection
system is 0.9.

The scattering volume is thus determined by the
size of the pinhole image in the plasma (1.5 mm in diameter)
and by the size of monochromator entrance slit (0.8 mm
wide, 1.0 mm high). The viewing solid angle was limited
by stops 1 and 2 to small enough size such that no glass
of the window tube was seen.by the monochromator

(dg = 0.5 x 1072

sterad).

Stop 1 prevented the 1ight from overflowing the
monochromator mirror.

The spectrally resolved scattered light was
detected with an RCA C 31034 photomultiplier with a GaAs
bhotocathode which has a quantum efficiency of 12% at
6943 A.

The undeflected laser beam passed through a
brewster window and Was absorbed in a laser dump. The small
part of the undeflected beam that was reflected from the
dump surface was focused on a light pipe which led the
Tight onto a monitoring photodiode.

The bhotomu]tiplier signal was recorded on a
7704 Tectronix oscilloscope simultaneously with the
reference signal. The reference signal was delayed by 300

nsec with respect to the scattered signal.

The triggering circuitry and the relative timing

of the components of the experiment is evident from the
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Figure 5.4 Block diagram of the triggering components

and timing for laser scattering.
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block diagram of Figure 5.4. The relative timing of the
components that were not directly connected with cables
through delay on triggering units is indicated by dotted

Tines.

5.2.1.2 Alignment

The optical system of the scattering apparatus
was aligned with the help of two small CW lasers: one
defined the arc center-pulsed laser optical axis, the other
defined the .arc center-monochromator axis. (The components
of the pulsed ruby laser are assumed to be aligned with
respect to each other). The exact location of the scatter-
ing volume was determined with a piece of film pushed into
the discharge tube at approximate]y an angle of 45° with

respect to each beam.

Figure 5.5 Oscillogram of the scattered and reference pulses.
Horizontal scale: 50 nsec/div., vertical scale:
10 mV/div. Left: scattering pulse, right:
reference pulse.
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The aligning laser beams were adjusted so that
they crossed each other at the arc axis (assumed to be the
discharge tube center). Then a hole was punched in the
film by the pulsed laser beam. That hole was focused on
the entrancé slit of the monochromator. The position and
size of stops and pupils of the system and the viewing solid
angle were determined by illuminating the spectrograph from

its exit plane.

5.2.1.3 Experimental Procedure

After some experimenting the stray light was
reduced to a negligible Tevel at the‘wave1ength shifts larger
than the base width of the instrumental profile centered at
the ruby wavelength, i.e. larger than 16 R. The plasma
radiation was negligible too. The electronic noise was
reduced to a sufficieht]y low level by eliminating ground
loops and shielding the BNC cables. The scattered spectrum
was taken shot to shot (from 3 to 6 points at each wave-
length shift).

An oscillogram of the scattered pulse and the
reference pulse is shown in Figure 5.5.

The results are given and discussed in Chapter 6.
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CHAPTER 6

RESULTS AND DISCUSSIOW

6.1 Results

The results are divided into three sections: photo-
graphic study of the arc, radial electron density distribution
and radial electron temperature distribution. The ion
temperature and the radial pressure distribution are given

in the subsection "Discussion.”

6.1.1 Photographijc Study of the Arc

" The arc was photographed by the smear camera. The
radial spread of the arc, its uniform rotation and its un-
stationary rotation were studied. A few smear photographs

are shown in Figure 6.1.

Radia?_Spread of the Are. The He II line is
emitted from a region with a radius of 4-5 mm. The radius
o of the region from which mostly He I light is emitted
slightly increases with the current. This variation is

shown in the following table:



Figure 6.1 (following two pages)

Data: a), b), c) taken in full light; d), e), f),
g), h). taken in the 1ight of the He II 4686 K line.
B =4.0T on all pictures except c) where B = 2.5 T.
Filling pressure: Pe = 3 torr in all pictures,
except h) where Pe = 12 torr. 1 cm in the picture
corresponds to 35.0 usec. Plasma current: a), e),
f), h), 2.8 kA; b) 2.0 kA; c) 3.4 kA; d) 4.7 kA;

g) 3.4 kA. Smear camera slit-width is 0.5 mm for

He II pictures and much narrower for full light

pictures. Radial magnification is approximately 1.7.
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(c) (d)

Figure 6.1 Smear pictures of the arc at varying values
of the filling pressure Pes plasma current,
and magnetic field.
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(g) (h)

Figure 6.1 Smear pictures of the arc at varying values
of the filling pressure Pgos plasma current,
and magnetic field.
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Figure 6.1A Unstationary arc in magnetic field. Data: BZ
28T 4 = 4.5 kA, p = 3 torr. Radial

magn1f1c8t1on isZ.2. . Time: 1 cm corresponds
to 17 usec.
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Plasma current in kA ro in mm
2.0 7.0
2.7 8.0
3.4 11.0 - 12.0

For the plasma current of 3.4 kA the arc was unstationary.
In all cases the arc kept well away from the discharge tube
walls (the tube radius is 25 mm) and a discharge relatively

free of impurities is expected.

Uniform Rotation of the Are. The uniform rotation

of the arc was studied with the smear camera and laser
interferometry in fhe case of a slightly asymmetrical arc.
It was found that the frequency of arc rotation varies

with the radius and with the maghetic'field. The results
are shown in Figure 6.2. The measurements of the frequency
of rotation were taken at 2 radii: at r = 4 mm, i.e. at
the radius of the arc on the He II 4686 R photographs,

and at r = 8 mm, i.e. at the arc radius on the smear
pictures taken in full light.

The azimuthal velocity v, can be calculated using

¢

the formula v¢(r) = r Q(r), where Q@ is the angular frequency
of rotation. At a magnetic field of 4 Teslas the azimuthal

arc velocity at radii of 4 mm and 8 mm is of the order of

4 1

10" m sec A complete radial distribution of the

azimuthal velocity cannot be given on the basis of the
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measurements at two radii only. However, v, necessarily

¢
has to disappear at the arc axis and at the tube walls.

For increasing radii, v¢ first increases, than reaches

a maximum and decreases towards the tube walls. The
rotation deviates from the rotation of a rigid body inasmuch

as the viscosity influences the arc rotation.

Unstationary Behaviour of the Arc. A particU]ar]y

useful result of the smear photography was the study of
unstationary behaviour of the arc. In Chapter 1 it was
mentioned that é stationary arc is not to be expected at
high magnetic fields and high currents. This is in fact
the case in this experiment.- For the magnetic field of 4
Teslas and a pressure of 3 torr of He the maximum current
at which the arc is still stationary is about 2.7 kA.
This 1imit is lower if the discharge tube is not cleaned
by pumping at least 5 minutes after each discharge.

‘A steady arc has been observed also at plasma
currents above 2.7 kA, but the reproducibility of arc
parameters was poor.

Increasing the magnetic field up to 4 T does not
have a noticeable effect on the presence of the steady state

of the plasma.
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6.1.2 Radial Distribution of the Electron DensSity

The radial distribution of the electron density
was measured by spectroscopy, laser interferometry and laser
scattering.

The e]ectrdn density obtained from the laser
scattering data was determined simultaneously with the electron
temperature by fitting the experimental scattering prbfi]e
to the theoretical one. The fitting procedure is described
in Chapter 5. The least square fitting was used. The

scattering profile is shpwn in Figure 6.3.* The fitting yielded:

a = (0.3 + 0.1)

and consequeqt]y

n = (1.1 + 0.7) x 1016 ¢p3

The radial distribution of the electron density
obtained from all three techniques is plotted on Figures
6.4 and 6.5. The matching of the spectroscopic and inter-

ferometric data was explained in Chapter 4, Section 4.3.1.

*One point of the scattered profile is far away from
the theoretical profile indicating a possible anomaly of the
scattered profile at a wavelength approximately correspond-
ing to the plasma frequency. To make definite conclusions
about the possible anomaly, more measurements would have to
be taken at that wavelength. That part of the spectrum could
be a subject of a future investigation. In the fitting of
the theoretical profile on experimental data,that point was
neglected.
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Figure 6.3 Laser scattering profile. Data: B,=4.0 T,
p=2.7 kA, pf=3 torr, t=150 usec. ‘
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Figure 6.4 Radial é]ectron density distribution in the
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Figure 6.5 Radial electron density distribution in the
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The errors of interferometrically measured electron
densities are between 15% and 30%, those of spectroscopic-

ally measured densities are from 20 - 30%.

6.1.3 Radial Distribution of Electron Temperature

The radial distribution of electron temperature was
obtained from spectroscopy and laser scattering. Both
methods complemented each other: spectroscopical measure-
ments yielded the temperature'in the cooler regions of the
arc at radii 2.5 mm < r < 5 mm; the laser scattering gave
the axial arc temperafure. The temperature distribution
is plotted in Figure 6.6.

For the same set of plasma pérameters two tempera-
ture curves were obtafned from spectroscopic measurements:
for one the Corona ratio of nz/ﬁ] was used and for the other
the ratio né/n] détermined experimentally by Bergstedt [5].
The difference between the two curves arises because of
a displacement of ionization due to arc dynamics (see
Chapter 3, 3.1.3.2). The actual temperature distribution
mostA1ike1y lies close to the curve obtained from the
experimental values of nz/n].

The errors in temperature obtained from spectroscopic
data are a combination of a statistical error from the average
over 3 temperature profiles and the errors of each individual

profile. The latter errors were estimated from the uncertainty
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of the intensity ratio to a factor of 2. All temperature
measurements are within an error of 30%.

The axial electron temperature at a plasma current

3

of 2.7 kA is (145 x 10) x 10°°K.

6.2 Discussion

‘The discussion is divided into the following sub-
sections: the arc rotation, electron density distribution,
electron temperature distribution, ion temperature and radial
pressure distribution in the arc. The results are compared

also with the theoretical predictions.

6.2.1 Arc RotationA

In Chapter 1 the arc rotation for a symmetrical
configuration of the discharge system was described. It
was pointed out that the current density component perpen-
dicular to the magnetic field jl is positive at the anode
funnel and negative at the cathode funnel. Consequently
the arc rotates in one direction in the cathode region and
in the other direction in the anode region. In the mid-
plane between the electrodes (z = 0) the velocity v¢ is
equal to zero.

A large observed velocity of rotation v¢ in the

plane at z = 0 is due to the asymmetry of the electrode

funnels. In Chapter 2 it was pointed out that the funnels



102

are made asymmetrical intentionally in order to provide a
fast rotation of the whole arc and consequently assure a
good rotational symmetry of the arc in the observation
plane (at z = 0).

From Figure 2.2 it is evident that the anode
funnel is wider and it ends in a lower magnetic field than
the cathode funnel. As all the current has to flow into
the cathode funnel a1s§ jl is greater at the cathode than
at the anode funnel. The azimuthal force density (-jl Bm 3¢)
is therefore greater in the cathode than in the anode region;
the whole arc rotation is determined by the cathode azimuthal
force density. The speed of rotation decreases uniformly
from the cathode funnel towards the anode funnel. The
magnitude and axial dfstribution of the rotational velocity
v, depends strongly on the geometry of the electrodes and

¢
funnels.

¢
magnetic field and radius is beyond the scope of this

The calculation of the dependence of v, on the
thesis. Essentially the equation of motion (1.5) should
be solved with D(nV) and J x B as the most important terms
[36].. The solution depends on ion viscosity ni(r), |
jr(r) and Bz' Uhfortunate]y jr(r) is not known and rough
approximations have to be used. Approximately a linear
dependence on BZ can be expected if Wiy <<](wi = ion
gyrofrequency, Tii T jon-ion collision time) which is the

case in this experiment. The experimental data (Figure 6.2)

confirm the linear dependence of v, on Bz.

¢
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6.2.2 Electron Density Distribution

The electron density profiles obtained from
.interferometric measurements indicate fhat the electron
density is slightly inhomogeneous along the arc axis.

If the homogeneity were to be assumed the plasma length
would have to be 52 cm. The actual distance between the
two end-on glass windows is 65 cm. A reasonable picture
of the discharge is given by the model in which the
electron density decreases from the center of the discharg
(z = 0) towards the electrodes (z = = L/2).

As an example it will be shown that this variati
is fairly small. For a similar discharge Grassman [4] has
established experimentally that the axial electron density
variétions satisfied the inequality ane/az < ne/32, where
£ is the length of plasma below the magnetic field coil
(2 = 50 cm in his case, £ = 26 cm in the experiment
described in this report). If the same type of exponential
decrease of electron density along the magnetic field is
assumed here, the electron density would vary according

to inequality:.

=
4]

@
N
oj—
=

(6.1)

The electron density at the ends of the magnetic

field coils would thus be 20% smaller than at z = 0 and at
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the electrodes 40% smaller than at z = 0. In fact the

electron density probably decreases even slower below

the maghetic field coils and faster closer to the electrodes.
For the discussion of the radial electron density

distribution the reader is referred to the theoretical

discussion of the Nernst effect in Chapter 1, section 1.1.1.

According to theory, the electron density should be constant
in regions where the Nernst effect is dominant.* The electron
density measured in this experiment is constant within 4%
for r < 2 mm and within 20% for r < 4 mm. As the errors
of measurement are between 15% and 30%, the electron density
can be considered constant for radii r < 4 mm. It can be
concluded that the Nernst effect plays an important role in
the arc for radii smaller than 2Vto 4 mm,

The electron density profiles shqw a s]ight
radial asymmetry (within 30% in the worst case). The
asymmetry is likely due to two reasons: (1) a slight
misalignment of the discharge axis with respect to the

magnetic field axis and (2) nonuniform erosion of the

% 4

In derivation of this result the ion temperature
was assumed to be equal to the electron temperature. If
the ion temperature is much smaller, the electron density
might be a slight function of temperature [7]. However for
helium the variation is within the experimental errors for
the electron and ion temperature difference estimated in
section 6.2.4. :
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discussion of the Nernst effect in Chapter 1, section 1.1.1.
: *
in regions where the Nernst effect is dominant. The electron

concluded that the Nernst effect plays an important role in
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the electrodes, observed in this experiment. The arc mis-

alignment might cause a bunching of the electron density

>

towards one side of the discharge tube due to_E x B

forces. =

6.2.3 Electron Témperature Distribution

The temperature distribution measured in this
ekperimgnt is comparable to that obtéined in similar arcs
e}sewhere f1-5]. The axial températures of over 200,000°K
have been reported. Thesevaxfal tempgratures have been
determined from-spéctroScopic meésurements or extrapol-
.ations towards the axis from the temperature profiles
measured in the cooler regions of the arc. -

Laser scattering is, however, a more reliable
method for the measurement of so high temperatures..

Previous magnetically stablized arcs []—5] were not designed
for laser scattering experiments. The 6n]y scattering
experiment reported on such arcs, giving an axial temperature
of 40,000°K where a temperature_of over 200,000°K had been
estimated from spéctroscopica] data, was therefore
unsuccessful. | |

-~ As the arc in this experiment was designed for
laser scattering experiments it was natural to measure
the axial arc temperature by this method.  The axial

temperature in this arc (145,000°K) is in good agreement
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with the axial arc temperatures in references [1-5]. It
has to be noted‘that the magnetic field in this experiment
was 4 Teslas and 5 or 6 Teslas in the previously reported
experiments. The size of the whole apparatus (due to
smai]er available energy) was also smaller and the plasma
currents were different in this‘experiment. The comparison

of the data is therefore somehow difficu1t.

6.2.4 Ion Temperature

The ion temperature of the arc has not been
measured. In spite of that some knowledge about it can be
obtained by evaluating the criteria for the equality of
ion and electron temperature. The two temperatures can
be different due to two main reasons: finite electron-ion

energy transfer time and radial temperature gradients.

Transfer of Energy from the Electrons to the

Ions. In the electric arc the electrons gain their
energy from the electric current by Ohmic heating. Part
of this energy is transferred to the ions, part of it is
lost in other brocesses. The energy balance can be

expressed with the following inequality:

2
Z__ > -8 & 3T -T.) (6.2)
0"2 To mi e i

=
3

J
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where Tg = electron ion collision time defined
in Chapter 1. |

The term on the left-hand side of the inequality
(6.2) is the ohmic heat generated in the electron gas per
unit volume and second. The term on the right-hand side
is the heat per unit volume and second transferred from
the electrons to the jons.

The electric current density can be estimated by
noting that approximéte]y 80% of all the current flows
within the'distinguished flux tube [3]. The electron and
ion temperatufe difference will be estimated on the discharge
axis at the midplane between the electrodes (z = 0) and for
a plasma current of 2.7 kA. At z = 0 the distinguished

flux tube has a radius of 0.4 cm, therefore

i, = 4 x 103 A/cm?

For n. = 1.2 x ]0]6cm'3 and m, = Mye = 6.7 x 10

27
e i kg

the temperature difference is:

= (o]
Te - Ti < 40,000°K
The result shows that the electron and ion temperatures are
approximately equal.

Temperature Difference Due to Temperature Gradients.

The arc is strongly inhomogeneous in the radial direction and is
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dominated by dynamic processes.. For the electron tempera-'
ture to be equal to the ion temperature it is necessary
that the spatial variation of the electron temperature
should be small over the distances the ions travel in
times of the order of the electron ion equilibration time
Teq [15].

In the arc discussed here the ion flow is parallel
to the temperature gradient. The condition for the equality

of electron and ion temperature is

rT € Vor T << 1 (6.3)

The temperature gradients in this arc are large:
: ‘

VrTe/Te = 2 cm . Teq ~0.1 pusec for He at the tempera-
ture of 140.000°K. Then Ve has to satisfy the inequality
Vor << b5 x 104 m/sec']. In this arc the ion velocity

Voo is about 10 - 20 m sec']. The condition (6.3) is
satisfied and it can be concluded that the electron and ion

temperature are approximately equal.

6.2.5 Pressure Distribution

In Chapter 1 the fundamental importance of the
pressure increase in an arc in magnetic field was discussed.

In this section the radial pressufe distribution will be
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calculated from the experimental values of electron density
and temperature.

The total pressure in the arc is the sum of
partial pressures of the electrons, neutral atoms and once

and twice charged helijum ions:
p(r) = [ng(r) + ng(r) + ni(r) + ny(r)1 KT(r)  (6.4)

where:
p(r) = total local pressure,

no(r), n](r), nz(r), ne(r) are the local densities
of neutrals, once and twice charged ions and electrons
respectively.

The density of once and twice charged helium ions
are expressed in terms of the electron density Ng and the
ratio n2/n] with the help of quasineutrality condition.

In the region where both species of ions are present and

no neutrals one gets:

ng = npt 2n2 (6.5)
and n,
. ET (r)
n](r) = n2 . n, = " (6.6)
1 + 2 'rq' (r) 1 + 2 H]— (r)

At the arc axis the plasma is fully ionized and one may

write ne(O) = 2 n2(0).
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The ratio ﬁ% (r) was calculated from the tempera-
ture distribution and from 2% (T) measured by Bergstedt [5].
The problem of calculating the density ratio of once
charged helium ions and neutral atoms is even greater than
that of finding the ratio n2/n]. An experimental value
for no/n] obtaingd by Bergstedt [37] was used here to give
an order of magnitude of the partial pressure of neutral
helium.

The pressure distribution is shown in Figure 6.7.
The errors in pressure are between 30% and 50%, because
the electron density and temperature errors were between
15% and 30%.
| The experimental results prove that the preésure

increase is substantial inside the hot core of the arc.
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pressures in the arc. Data: B,=4.0 T,
Ip=2.7 kA, pf=3 torr, t=150 usec.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The aim of the work reported in this thesis was
to build a magnetically stabilized helium arc for scatteri
experiments and to measure the arc parameters. The thesis
describes the details of the design of the apparatus and
the measurement of plasma parameters.

The main features of the apparatus are:

(1) Ports in the discharge tube at the center of the coil
~configuration, suitable for conducting laser scattering
experiments in the plane perpendicular to the magnetic fie
and (2) Relatively small energy used for the production of
the magnetic field and the plasma.

The apparatus has performed well and is reliable

also for future work.
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The arc was studied with a variety of techniques:

time resolved photography and spectroscopy, laser inter-
ferometry and laser scattering. The measurements indicate
that the arc is stable and approximately rotationally
symmetric at currents up to 2.7 kA, at a filling pressure
of 3 torr and a magnetic field of 4 Teslas (in the middle

of the discharge at z = 0).
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From spectroscopic data the electron density,
temperature and pressure were obtained in the cooler regions
of the discharge.

As the spectroscopic measurements are difficult
and unreliable at temperatures above 100,000 °K, laser
interferometry and laser scattering were used for the
measurement of electron density and temperature at the arc
axis. Laser interferometry and laser scattering were used
successfully for the first time on a magnetically stabilized
'arc. An axial arc temperature of about 150,000 °K was
obtained. The electron density is about 1.2 x 1016 cm-3 and
is approximately constant in the hot core of the arc.

The following table gives a comparison between
the arc designed in this experiment and the arcs reported
previously [1-5]: (p. 114).

Thus the measurements show-a high axial temperathe
a constant electron density in the hot core of the arc, and
a substantial pressure increase at the arc axis as predicted

by theory.
| Now the plasma properties are known and a number

of laser scattering studies can be conducted in this arc.

1. Measurement of electron density and temperature
at different radii to get the whole radial profile
from scattering data. Different plasma currents

can also be used (e.g. 2.0 kA and 3.4 kA).



TABLE 1

COMPARISON OF THE MOST IMPORTANT PARAMETERS OF THE APPARATUS
REPORTED IN THIS THESIS AND IN REFERENCES [1-7]

Energy of the Energy of the BZ at Plasma Axial Axial Axial Reference
Magnetic Field Plasma Capacitor —0** Current** | n - Ta Total
Capacitor Bank* Bank* z € Pressure
kd kd Tesla KA x101® | x10°°k | ~ Nt/m?
em™3
29 25 : 4.0 2.7 1.2 ~ 1.45 0.36 This thesis
100 1000 5.5- -k - >2.0 - [1]
8.0 ,
100 50 6.0 2.6 1.0- >2.0 - [21]
2.0
- - | 6.0 2.6 1.5 4.0 =1.0 [4]
100 50 4.8 3.8 1.1 2.0 0.44 [5]
450 50 8.0 2.1 0.8 2.5 - - [7]%***

*

* *
Maximum stored energy (at. rated voltage) Values at which the parameters were measured

* %

«

* . .
Horizontal bar means that no data were available
%* % %k %

Fil1ling gas is hydrogen-

il




Thus the influence of the temperature and
pressure gradients on the thermal equilibrium

can be determined.

The modulation of the scattered profi]es by

the magnetic field can be studied.

The density fluctuations can be studied in the

presence of large temperature gradients.
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APPENDIX A

GENERALIZED OHM'S LAW

As it is conventionally stated Ohm's law 3 =
OE relates the current density to the electric field at a
given instant of time. However, the electric field is
actually responsible for the acceleration of the electrons
rather than their velocity so that in the general case
a mofe complicated relationship between 3‘and'f is
obtained. Generalized Ohm's law will be derived in this

Appendix.

For a two component plasma the equations of

motion are:

dv

MmNy Efg t Vp, = -e ne(f + Ve x B) + ﬁei (A.1)
dv, 5

min, HE—£+ vPi = Ze ni(f + Vi X §) + ﬁie (A.1a)

where the indices e and i relate the quantities to the
electrons and jons respectively. ﬁei = - ﬁie is the
friction force between the electrons and ions (the transfer

of momentum from ions to electrons by collisions).
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If the equations (A.1) are divided by their
respective mass density and subtracted from each other

the following equation is obtained for a stationary state:

1 2 _ > > 1
e Rei =F + (V + U) x B + o P (A.2)
e e
> > 1 >
where u = Ve = V5 = - Eﬁ;' J , and
vV = center of mass velocity.

To obtain the equation (A.2) the following assumptions

were made: me/mi << 1, Vpi/oi << Vpe/pe

The derivation for a three component plasma is
similar but more comp]icafed. The result are two
additiona] terms in equation (A.2). One describes the
diffusion of heavy particles and is given in equation (1.6)
of Chapter 1 as term d. The other term gives the electric
field due to partial pressure gradients of heavy particles.
It was neglected in equation (1.6) because it is not
important for discussion in this report.

The transfer of momentum from ions to electrons
by collisions is made up of two parts: the force of
friction ﬁu (henceforth ﬁeiz ﬁ) due to the existence of
"a relative velocity 3, and a thermal force ﬁT’ which
arises by virtue of a gradient in the electron temperature.

One can write in general
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-> > >
R = Ru + RT (A.3)
with
B > + > (A.4)
B
KT = vy v, 0T+ v VTx g (A.5)

In equations (A.4) and (A.5) the indices " and 1 denote
the components parallel and perpendicular to the magnetic
field B. The coefficients B and vy have been calculated
from the plasma kinetic theory by Braginskii [10].

The friction force ﬁu can be expressed with the

electric current density and conductivity in the form:

K 3
_ LI §
"hu = en, (0" + cyl) (A.6)

The third term in equation (A.4) is small for large magnetic
fields (weTe>> 1), therefore it is not included in
equation (A.6). |
Inserting equation (A.3) with (A.5) and (A.6)
into equation (A.2) generalized Ohm's law (equation (1.6))

is obtained for a two component plasma (d = 0).
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APPENDIX B

RADIAL MASS CURRENTS IN THE ARC

A complete derivation of radial mass currents in
the arc will not.be given because of the tedious algebra.
For a more complete derivation the reader is referred to
Bergstedt's derivation [37].

In the calculation of the radial velocities for a
3 component plasma 3 equations of motion are used: Equation
(A.1) for the electrons, equation(A.la) for singly charged
jons (Z = 1), and an equation similar to (A.la) for doubly
ionized helium.

The center of mass velocities of the electrons
Ve, singly charged ions 7], and doubly charged ions'v2 will
be expressed with a linear combination of the center of
mass velocity of the plasma V, electric current 3 and a

diffusion variable d. These variables are defined with the

following equations:

( > + > ) + ->
mHe n]v] n2v2 mn.v

> ee'e '

vV = . (B.1)
mHe(nl * n£77+ MaMe

+ > > >

] = e(n]v] + 2n2v2 - neve) . (B.2)
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(Vz - V]') ) (B.3)

From these equations the center of mass velocities

of the electrons and ions are obtained:

> > M T3 Mt |
V2 = Vv - A n E+ A d 9 (8.4)
e
2 n (n; +n
yoov .83 e 2 *
Vi R n A (1 + 28) d, (B.5)
> > 8 3 ne(n] * n2) %
V2 = v + I\-E+ n2 A (] + B) d , (B.6)

where B = me/mHe << 1 and A = ny + n2 + B Na- With

B 0, the quasineutrality condition N = Ny + 2n2 and jr =0,

one may write for the radial components of the C.M. velocities:

v = vy _ +d s , (B.7)

er Yy r
n
- Ze
V-Ir .'— Vr - n] dr » (808)
ne

The equations (B.4), (B.5), and (B.6) have to be
inserted into the equations of motion of plasma species

(3 vector equations). The equation of motion of all the
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plasma (equation 1.16 without the inertial terms) has to
be also included.
With the assumptions: v

ez B¢ << Ve¢ Bz’ JzB¢ <<

the r- and ¢- components of the

j¢Bz’ and V228¢ << v2¢Bz,
equation of motion together with the equatiqn jr= 0 one

obtains a system of seven coupled equations. The unknowns
in these equations are: the electric field Er and r- and
¢- components of v, 3 and d. Solving these equation one

obtains Ve and dr in terms of the measured variables. The
jon velocities are then obtained from equations (B.8) and

(B.9).

The result for Vi taken from [37], is:

€ n €
v, = 221 {%aﬂ;—zl[].z ng KV.T - v.p]
4(eB) + (n e,q) e e
n2 ne ( )
+ 2 v.p., + —— V. p,} B.10
n] + n2 r-e | n1 + n2 r-2

where €91 is friction coefficient between singly and

doubly charged helium ions. It is defined by the equation:

- 2
mzm] ZZZ]e 2 mA

)
m,*m, 4ﬂ€0 (KT)3/2 (B.11)

-4
= 3 2m

2nA is the Coulomb logarithm.
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APPENDIX C

INTENSITY RATIO OF THE LINES He II 4686 K
. AND He I 4471 A

The radiated power per unit volume and unit solid

angle in a transition from level p to level g is

. 1 he |
i = — A —n » (c.1)
4 A
Pq T Pq Pq p
where:
qu = transition probability
qu = wavelength of the transition
n = population density of the upper level

of the transition.

The ratio of intensities of two spectral lines of
Z-1 times and Z-2 times charged ions of the same element
is

2 (2-1)

i A A

P9 = Pqg _rs _p (C.2)
Trs - Ars qu nr(z'?)

For the electron density of about 1O]6cm_3 the

He I and He II levels are thermally populated for all the -
levels with principal quantum number p > 4 [e.g. 24].

When the levels are thermally populated their equilibrium
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population density is given by Saha-Boltzmann equation:

(z-1)

nn 27 21 m. KT 3/2 e (Z)_ €,
}

e 7 - z ( e e) exp{-—
n (2-1) 4 (2-1) h KT,

(C.3)

Using equation (A.3) the ratio np(Z'])/nr(Z'z) in equation
(C.2) can be expressed with the ratio of ion densities of

two successive ionization stages.

(z-1) (2-1) (2-1),  (z-2), . (2)_ ¢ (Z-1)
n (2720 T g (2°2) KT,
n
Z C.4
S e-s)
n (z-1) n
, (2-2) € Nz.q
r

In equations (C.3) to (C.5) the symbols have the following

meaning:

Na is the electron density.

n (Z-]), g

; p(Z-1), Ep(Z-1)’ nr(Z"z), 9(2’2) Esz"z)are the

r

population densities, statistical weights and energies of

the upper levels of Z-1 and 7Z-2 times charged ions.
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77 Ei(z), ZZ-1’ EKZ-” are the partition functions and

z i

ionization energies of Z and Z-1 times charged ions.
f(Te) is a function of temperature only and tabulated
atomic constants.

Combininé equations (C.2) an (C.5) the line

intensity ratio becomes:

i A A
Tl b v AL (c.6)
rs rs "pq Z-1

This result is used in Chapter 3.



