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Abstract

This thesis reports the results of investigations intended to further the understand-
ing of the formation and evolution of spheromak plasmas via the use of laser induced
fluorescence (LIF) measurements of laboratory plasmas. LIF is a spectroscopic technique
in which laser radiation induces atomic energy level transitions in a target species within
a specified volume.

LIF experiments have been performed on Ar II plasmas produced in a sphero-
mak confinement configuration. The term spheromak refers to a class of plasmas whose
internal magnetic fields satisfy a particular topology, the details of which are presented as
they relate to the formation and evolution of plasmas generated in this work. LIF mea-
surements made on these spheromak plasmas suggest that 20 eV Ar Il ions have been
produced at densities of 10?! m™.

LIF experiments studying plasmas generated by a second spheromak device are
discussed. The planar electrodes in this new device produce spheromaks with a distinct
central column of plasma whose evolution is related to o, an important parameter in the
theory of force-free Taylor states, where the internal magnetic field B of the plasma satis-
fies VxB=aB. Experiments have been conducted with the probing laser oriented both
parallel to and perpendicular to the axis of symmetry of the spheromak. Ion parameter
estimates calculated from LIF measurements are found to agree with those obtained from
other diagnostics, including passive spectroscopy and high speed photography.

Details are presented concerning the design and operation of a portable device
capable of generating plasma discharges. The motivation for the construction of this de-
vice is to provide a convenient plasma source that may be used to calibrate the laser and
photodetection systems used in LIF experiments.

The Ar II ion temperature and density values reported in this work are believed to

be among the first such measurements performed on plasmas produced in a spheromak
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confinement configuration. Suggestions are offered for several modifications that could

be made to the experiment that might serve to increase the amount of information that can
be gained during each plasma discharge and thus augment the future value of the experi-

ment.



xi
Table of Contents

Acknowledgements

Abstract

Table of Contents

List of Figures

1 Introduction

2 Laser Induced Fluorescence
2.1 Introduction
2.2 Laser Induced Fluorescence

2.2.1 Energy Level Transitions

2.2.2 Narrowband/Broadband Considerations

23 Line Broadening Mechanisms
2.3.1 Doppler Broadening
2.3.2 Stark Broadening
2.3.3 Zeeman Broadening
2.3.4 Instrumental Broadening
2.3.5 Power Broadening
2.3.6 Combinations of Broadening Mechanisms
2.3.7 The Voigt Lineshape

2.4  Discussion

2.5  References

3 Coaxial Spheromak Experiments
3.1 Introduction
3.2 Spheromaks

3.2.1 The Importance of Spheromaks
3.2.2 Spheromaks and LIF

3.2.2 Coaxial Spheromak Formation

il
X
xi

XV

~ B~ b~ B

|

11
11
13
14
14
15
15
17
17
17
18
20
20



xii
3.3 Apparatus
3.3.1 Coaxial Spheromak Device
3.3.2 Laser
3.3.3 Optical Fiber
3.3.4 Experimental Timing
3.3.5 First Photomultiplier Configuration
3.3.6 Second Photomultiplier Configuration
3.3.7 Data Acquisition
3.3.8 Photodiode
3.4  Observations
3.4.1 Measured LIF Signal
3.4.2 Fitting to Theoretical Model
3.4.2.1 Doppler Broadening
3.4.2.2 Stark Broadening
3.4.3 Voigt Profile
3.4.4 Sources of Experimental Error
3.5  Discussion
3.6 References
Planar Spheromak Experiments
4.1 Introduction
4.2 Spheromaks Revisited
4.2.1 Coplanar Generation of Spheromaks
4.2.2 The Role of a
4.2.3 Free Expansion
4.2.4 Course of Experimental Investigation
4.3 Apparatus

4.3.1 Planar Spheromak Device

22
22
24
26
26
29
31
33
33
36
36
36
41
42
43
45
46
47
49
49
49
49
53
55
56
57
57



4.4

4.5

4.6
4.7
4.7

432
433
4.3.4
4.3.5
4.3.6
4.3.7
4.3.8

xiii
Second Gas Valve Power Supply
Experimental Time Delays
Laser Collimating Lens
Target Probe
LIF Reentry Port
High Sampling Rate Digitizer

High Speed Framing Camera

Observations Perpendicular to the Spheromak Axis

44.1
442

443

LIF Signal Measurement
Fitting to Theoretical Model
4.4.2.1 Doppler Broadening
4.4.2.2 Stark Broadening
4.4.2.3 Voigt Profile

Additional Perpendicular Measurements

Observations Parallel to the Spheromak Axis

4.5.1
452
453
4.5.4

On-axis Measurement Limitation
Fitting to Theoretical Model
Imacon Camera Images

Comparison to Perpendicular Orientation Measurements

Loss of LIF Signal

Discussion

References

Portable Plasma Device

5.1
52
53
54

Introduction

Loss of LIF Signal

Encore Tokamak

Portable Plasma Device Apparatus

62
62
65
65
67
68
70
71
71
71
73
73
74
79
83
83
88
88
90
90
91
92
94
94
94
95
97



5.5

5.6
5.7

Xiv
5.4.1 Design Considerations
5.4.2 Mechanical
5.4.3 Electrical
5.4.3 Experimental Timing and Data Acquisition
Experiments
5.5.1 Spectroscopy
5.5.2 Plasma Current and Magnetic Confinement
5.5.3 Imacon Camera Photography
5.5.4 LIF Signal Detection
Discussion

References

Summary and Discussion

6.1
6.2
6.3
6.4

6.5
6.6

Introduction
Experimental Results
Challenges
Suggestions for Future Work
6.4.1 LIF Optical Probe
6.4.2 LIF Experiments
on Plasmas Composed of Mixtures of Gasses
Concluding Thoughts

References

97

98
100
102
103
103
105
109
109
112
113
115
115
115
115
118
118

119
120
120



Figure 2.1:
Figure 2.2:
Figure 2.3:

Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:

XV
List of Figures

LIF Spatial Resolution
Atomic Energy Level Transitions

Instrumental Broadening

Poloidal/Toroidal Directions

Coaxial Spheromak Formation Geometry
Coaxial Spheromak Device

Laser System

Optical Fiber Assembly

Experimental Chronology

First Photomultiplier Assembly

Second Photomultiplier Assembly

Opaque Mask

Figure 3.10: Representative Data Signal

Figure 3.11: Fitting LIF Data to Theoretical Models

Figure 3.12: Shift in Central Wavelength of Distribution

Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9:

Coplanar Spheromak Formation Geometry
Spheromak Formation and Spider Legs
The Relation of a to Plasma Twisting
Coplanar Spheromak Gun

Coplanar Electrodes

Stuffing Flux Coil

Plasma Breakdown in Gas Line Tubing
Target Probe

LIF Reentry Port

12

19
21
23
25
27
30
32
34
35
37
38-39
40

51
52
54
58
60
61
63
66
69



xvi

Figure 4.10: Representative LIF Signal

Figure 4.11: Fitting LIF Data to Theoretical Models (I)

Figure 4.12: Shift in Central Wavelength of Distribution (I)

Figure 4.13: Fitting LIF Data to Theoretical Models (II)

Figure 4.14: Shift in Central Wavelength of Distribution (II)

Figure 4.15: Axial LIF Measurement Experimental Configuration

Figure 4.16: Fitting LIF Data to Theoretical Models (I1I)

Figure 4.17: Shift in Central Wavelength of Distribution (III)

Figure 4.18: Imacon Photography of Spheromak Plasma

Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:

Figure 6.1:

Encore Tokamak LIF Signal

Portable Plasma Device

Paschen Curve

Portable Plasma Device Emission Spectrum
Portable Plasma Device Current

Magnetic Pickup Coil Data

Imacon Photograph of Portable Plasma Device Breakdown (I)

Imacon Photograph of Portable Plasma Device Breakdown (II)

LIF Experiment with Two Laser Passes

72
75-76
77
80-81
82
84
85-86
87
&9

96

99
101
104
107
108
110
111

117



Chapter 1
Introduction

This thesis reports the results of investigations intended to further the understand-
ing of the formation and evolution of spheromak plasmas via the use of laser induced
fluorescence (LIF) measurements of laboratory plasmas.

Chapter 2 introduces the physical principles that form the basis of the laser in-
duced fluorescence diagnostic. LIF is an active spectroscopy technique in which laser ra-
diation is used to induce atomic energy level transitions in a target species within a speci-
fied volume. LIF has applications in a variety of fields, including plasma physics, where
it is frequently employed in the study of ion temperature and/or density (Stern 1975, for
example). A discussion is presented of how the combination of these plasma parameters,
electromagnetic fields applied to the plasma, and even the probing laser itself can affect
the fluorescent emission spectrum of the plasma and how measurement of this spectrum
provides information about plasma behavior.

Chapter 3 reports the results of an LIF experiment that has been performed on
Ar II plasmas produced in a spheromak confinement configuration. The term spheromak
refers to a class of plasmas whose internal magnetic fields satisfy a particular topology,
the details of which are presented as they relate to the formation and evolution of plas-
mas generated in this experiment. Electrostatic breakdown of plasma occurs between
two coaxial cylindrical electrodes; MHD JxB forces then propel the plasma into a large
vacuum chamber where it is intercepted by the probing laser that induces fluorescent
emission. Fluorescent light from the plasma is ultimately collected by a photomultiplier
tube located outside the vacuum chamber. A noteworthy feature of this work is that the
plasma discharge has been synchronized with a pulsed laser system; the method by which
this is accomplished may be of interest in other applications requiring the interaction of

two such independent sequences of time-critical events. The spectral line broadening
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models discussed in Chapter 2 are fitted to the data collected in this experiment relating

the intensity of emitted fluorescent light from the plasma to the wavelength of the prob-
ing laser. This analysis includes a discussion of the Voigt model that assumes the pres-
ence of broadening effects associated with both ion temperature and ion density. The LIF
measurements performed on these spheromak plasmas suggest that 20 eV Ar II ions have
been produced at densities of approximately 10*! ions/m”>.

Chapter 4 continues the discussion of experimental results, focusing on LIF mea-
surements conducted on plasmas that are generated by a second spheromak device. The
primary difference between this new device and that used in the experiments described
in Chapter 3 is the electrode configuration used in the electrostatic breakdown of gas to
form plasma. The planar geometry of the electrodes employed in this new device pro-
duces spheromaks with a distinct central column of plasma whose evolution is related to
a, an important parameter in the theory of force-free Taylor states (Taylor 1974). In force-
free states, including spheromaks, relaxation to a minimum-energy magnetic topology
requires that the internal magnetic field B of the plasma satisfy VxB=aB.

The LIF experiments performed on plasmas produced by this planar spheromak
gun have benefitted from experience acquired during the investigations conducted on
the previous coaxial spheromak device. Several improvements have been made to the
experimental apparatus that are intended to promote plasma discharge repeatability and
to enhance the quality and magnitude of measured induced fluorescence signals. LIF
measurements of ion parameters have been made with the probing laser beam oriented
both parallel to and perpendicular to the axis of symmetry of the spheromak, exploiting
the spatial resolution and orientation-sensitivity offered by the LIF diagnostic. An ~30
km/s ion propagation velocity is measured along each of these directions, suggesting
that the plasma may be freely expanding into the vacuum chamber after it emerges from
the plasma gun. lon parameter estimates provided by LIF are found to agree with those

obtained from other diagnostics, including passive spectroscopy (measuring ion density)
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and visible light photography by a high speed framing camera (measuring ion propaga-

tion velocity).

Chapter 5 describes the design and operation of a portable device capable of
generating plasma discharges. The motivation for the construction of this device is to
provide a convenient plasma source that may be used to calibrate the laser and emitted
light detection systems used in the spheromak LIF experiment. Details of the assembly of
the portable device are presented, along with typical operating characteristics. A discus-
sion of the results of preliminary experiments aimed at detecting an LIF signal from Ar
IT plasmas produced in this device notes how the operating regime of the device might be
enhanced to produce stronger fluorescence signals without sacrificing the device’s porta-
bility. The compact size of the device (~30 cm length, ~5 kg weight) and its modular de-
sign create the possibility that the device could be used in a variety of other applications.

Finally, Chapter 6 summarizes the results presented in this thesis. The Ar II ion
temperature and density values reported in this work are believed to be among the first
such measurements performed on plasmas produced in a spheromak confinement con-
figuration. Certain characteristics of the present experiment limit the degree of under-
standing of spheromak behavior that may be drawn from these findings. Suggestions are
offered for a number of modifications that could be made to the experiment that might
serve to increase the amount of information that can be gained during each plasma dis-

charge and thus augment the future value of the experiment.

1.2 References
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Phys. Rev. Let., 34(25), 1548 (1975).
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Phys. Rev. Let., 33(19), 1139 (1974).



Chapter 2
Laser Induced Fluorescence

2.1 Introduction

The investigations described in this thesis involve the application of a laser
induced fluorescence (LIF) diagnostic to study argon spheromak plasmas produced by
two plasma generating devices. A brief overview of LIF theory and methodology will be
useful in understanding the subsequent discussion of these experiments; therefore, this

chapter presents a summary of salient principles.

2.2 Laser Induced Fluorescence

Laser induced fluorescence is a sensitive spectroscopic technique that may be
implemented in a variety of fields, including plasma physics. LIF utilizes laser radiation
to selectively excite a particular electron energy level transition in a target species. This
feature of LIF endows the diagnostic with an important advantage over passive spectros-
copy, in which measurements entail the integration of all light along the line-of-sight of
the detector: The region of plasma probed by laser induced fluorescence can be made
arbitrarily small by adjusting the volume defined by the intersection of the laser beam and
the viewing angle of the emitted light detector, as illustrated in Figure 2.1. Thus, LIF of-

fers superior spatial resolution to that offered by passive spectroscopy.

2.2.1 Energy Level Transitions

In a standard LIF experiment, the probing laser beam is tuned to the resonant
wavelength of a known energy level transition in the species under investigation. As
shown in Figure 2.2, a target ion that is able to absorb laser light at a wavelength A
will undergo a transition from an initial energy state to a second, intermediate state. The

ground state of the species under investigation is typically not chosen for the initial state,



Photomultiplier
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Region of plasma
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/

Figure 2.1. Schematic representation of an LIF experiment, illustrating the relationship
between the plasma and the relative orientations of the laser beam and photomultiplier
field of view. Only the shaded volume of plasma shown in the bottom figure will be
probed by the LIF diagnostic.
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as the input energy required for transitions from the ground state often lies outside the

visible spectrum used in most commercial lasers. A metastable excited state is customar-
ily chosen instead.

From the intermediate state, the ion will decay to one of a number of final states,
including de-excitation back to the initial state. However, the ion may also transition to

a new final state by emitting a photon of wavelength 1. Consequently, measurement

of fluorescent light emitted from the plasma at A, above that produced by spontaneous

emission in the absence of the laser, will yield information regarding the absorption of
laser radiation A ; by the initial state—more absorption at A, will result in more fluores-
cence at A.. Various parameters of the plasma under investigation, including ion tempera-
ture and density as well as the presence of external electromagnetic fields, can affect the
distribution of ions that will experience induced fluorescence in response to a given laser

wavelength. LIF can provide estimates for these plasma parameters via experimental

measurement of this distribution.

Intermediate state

A 4p’F,, :
: i

! !
)qz=611.49 nm / E\
\

Initial state \ App=460.96 nm

3 d2G9/2 \\,
\

Final state

<« ———

4s’D;,,

Figure 2.2. Representative LIF energy level transition scheme. The 611.49-460.96 nm
transition is used in the work presented in this thesis.
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2.2.2 Narrowband/Broadband Considerations

An important consideration in any LIF experiment is the bandwidth of the probing
laser relative to the width of the ion distribution function. If the laser bandwidth is much
broader than the distribution function, then nearly all of the ions in the initial energy state
will transition to the intermediate state. In order to extract useful information regard-
ing plasma parameters, a narrow bandwidth photodetection system must be employed to
measure emitted fluorescent light—for example, a spectrometer with good spectral reso-
lution. In this “broadband” configuration, the ion distribution function will be measured
along the direction of viewing of the photodetector.

If the bandwidth of the scanning laser is narrower than the ion distribution func-
tion, then a second, “narrowband” mode of operation is possible. In this case the wave-
length of the laser can be scanned across the transition resonance, exciting only a fraction
of the total distribution function at a time. A narrow bandwidth emitted light collection
apparatus may still be used; however, a collection apparatus with bandwidth wider than
that of the distribution function can be employed as well. When using a broad bandwidth
photodetector, it is assumed that any induced fluorescence above spontaneous emission
results from only those ions excited by the narrow bandwidth laser; the precise wave-
length of the fluorescent light is not measured, and the ion distribution will be computed
as a function of input laser wavelength. Thus, the ion distribution function in “narrow-
band” operation is measured along the direction of laser propagation and not that of the
photodetector. All LIF measurements described in this thesis have been performed using

the combination of a narrow bandwidth laser and a broad bandwidth detector.

2.3 Line Broadening Mechanisms
This section introduces the principal mechanisms that can cause spectral broaden-

ing of a measured LIF distribution function.



2.3.1 Doppler Broadening
For ions with finite velocity v along the direction of laser propagation, the wave-

length of laser light “seen” by the ions will be Doppler shifted according to the relation
=1+ 22k,

Cc

(2.1)
where A is the laser wavelength in the laboratory frame and K is the direction of laser

propagation. This can also be expressed as
A=A _ %
A€ (2.2)

If it can be assumed that the plasma ion velocity distribution f(VH) is Maxwellian,

— m _Wl:(vn_ M)Z
f(vn) = | 27“{7': €xp ( 2K:Tl

where u is the mean ion propagation velocity, T, the ion temperature, and m, the ion mass.

then

(2.3)

To use Equation 2.3 to determine the ion temperature T; via a measurement of the induced
fluorescent emission from the plasma, a relationship between the distribution function
f(VH) and the observed light intensity I(A) is required. The wavelength of incident laser
light seen by a plasma ion is dependent upon the parallel component of the ion’s veloc-
ity; this argument can be extended to an assertion that the intensity of induced fluorescent
emission in response to a given laser wavelength will be proportional to the number of
ions moving with the necessary velocity to absorb the incident laser light at the wave-
length necessary to undergo an energy level transition. In other words, the relationship
between I(A) and f(VH) is given by

Loorrien(A) dA~fF () dy, (2.4)

Combing Equations 2.2, 2.3, and 2.4 yields

mc’
IDOPPLER(A‘) = 27”{[772’02 exp

—m
2KT.

1

Ay

cm—aa_41
2.5)

Thus, the observed intensity of induced fluorescence as a function of incident

laser wavelength should have a Gaussian shape. Equation 2.5 is maximized when the
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argument of the exponential term is 0. This immediately provides an expression for u, the

mean ion propagation velocity

(/IPEAK_ /10)
U=|—mm—|C

Ay (2.6)

where A, is the laser wavelength in the laboratory frame that induces the maximum
fluorescent signal.
The half-width of the intensity distribution function in Equation 2.5 provides the

desired relationship between the measured induced fluorescent emission from the plasma

and the ion temperature

0

T=17X 108/1(%)
2.7)

where T, is measured in ¢V and p is the mass number of the ion.

It should be noted that the induced fluorescent light emitted from the plasma will
itself be Doppler shifted as seen by the photodetector, as noted in the earlier discussion
of broadband and narrowband LIF techniques. However, a detector possessing even a
modestly broad input bandwidth centered on the emission wavelength of interest should
be capable of collecting all emitted photons, given the small magnitude of these shifts.
For example, for an Ar II plasma moving at 100 km/s, the expected Doppler shift of the
A,=460.96 nm emission line is only 0.15 nm; most commercial interference filters have a

bandwidth of 1 nm or more.

2.3.2 Stark Broadening

As plasma density increases, the collision rate between plasma particles also
increases (v; ~ 0o,V where n, is the plasma density). In a highly ionized plasma, the ma-
jority of collisions will occur between charged particles. The combination of high density
and high degree of ionization can result in the creation of strong localized electric fields
in the plasma; interactions between these electric fields and the dipole moments of plasma

ions will cause a perturbative splitting of the atomic energy levels of the ions, leading to
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a wavelength shift in both emitted and absorbed spectral lines. As these electric fields are

created by collisions that are assumed to be random, field strength and orientation will
vary throughout the plasma, leading to a broadening of observed spectral lines instead of
the sharp bifurcation that would be expected in response to a uniform external field. This
randomized line broadening can be expressed mathematically by a Lorentzian distribu-
tion

1(/1>~<1 + A=A ’10)2)

(AA )’ (2.8)

where A represents the central wavelength of the measured profile, which again may be
shifted from the natural resonant wavelength of the transition in question.

Griem (1964) presents an expression that relates the AL, . of the above Lorent-

zian profile as a function of electron density and temperature, n_and T,.

N
6
1 - 1.02x 10 %

TZ

e |

an,

e

A= 2% 10771 + 1.75 X 10 '

(2.9)
where o and ® are constants for a given energy level transition. If the plasma under inves-
tigation is both singly ionized and nearly fully ionized, then the electron density n_ will be
a good approximation for the plasma density n. As Equation 2.9 requires knowledge of
the electron temperature before plasma density can be calculated, it is often necessary to
implement an alternative means of calculating plasma density when the electron tem-
perature is unknown. Aparicio and colleagues (1998) report that the Stark AA_ . is an

approximately linear function of the electron density for plasmas in the regime of n =0.2—

2x10% m>. (The A\

~wiy 10 Equation 2.9 is effectively linear in n if o is sufficiently small.

Most a values reported by Griem are between 0.01-0.05.) For the Ar II transition at
611.49 nm, Aparicio identifies a Stark width of 34.7 pm at n =10** m™ for plasmas with
an ion temperature of ~2 eV. Calculations of ion density that extrapolate from this result

are presented in Chapters 3 and 4 of this thesis.
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2.3.3 Zeeman Broadening

Zeeman broadening of spectral lines emitted from a plasma occurs when an
external magnetic field interacts with the magnetic moment of ions, causing a splitting of
atomic energy levels. This perturbation results in the separation of a resonant transition
wavelength into multiple lines. Griem (1964) gives an expression for the magnitude of
such splitting about an unperturbed spectral line of wavelength A in a species subjected to
a uniform magnetic field B

AR yipn= 10°A’B (2.10)
where ) is given in A and B in kilogauss. The applied external magnetic field used in the
spheromak experiments described in this thesis does not exceed B=0.5 kG; for the Ar 11

transition at A=6114.9 A, Equation 2.10 suggests an expected Zeeman A\ of approxi-

FWHM
mately 0.02 A (2 pm) in response to this field. As will be shown in later chapters, this

width is small in comparison to the total measured line broadening. In addition, Zeeman
splitting on the order of 1 pm approaches the limit of the scanning resolution of the laser

system used in the experiments. For these reasons, potential Zeeman broadening effects

are not deconvolved from the measured linewidths reported in this thesis.

2.3.4 Instrumental Broadening

The ideal tool for an LIF experiment is a tunable laser with a perfect d-function
output, emitting all of its radiation at precisely the desired wavelength. However, real la-
sers have finite bandwidths, and measured LIF signals are therefore the result of electron
transitions induced by laser wavelengths within a certain range about the central wave-
length of interest. The observed ion distribution function will be broadened as a result, as
the measured fluorescent signal in response to a given incident laser wavelength A will in
fact be the aggregate signal induced by a range of wavelengths AL. Figure 2.3 depicts the
effect that laser lineshape can have upon LIF signal measurement.

If the functional form of the laser lineshape is known, this factor can be decon-



12

Laser

Ton distribution

AN

Laser

Ton distribution

Figure 2.3. Instrumental broadening effect. As the bandwidth AX of the probing laser
increases, more fluorescence (shaded region) is induced from the same ion distribution by
laser radiation away from the central wavelength. As this will artifically increase the LIF
signal detected at the tails of the distribution, the measured lineshape will be broadened.
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volved from other broadening effects. Even without such knowledge, reducing the band-

width of the laser serves to minimize the influence of instrumental broadening upon LIF
measurements. Section 3.3 of this thesis contains a discussion of the experimental ap-
paratus that has been employed to mitigate laser instrumental broadening in the present

investigation.

2.3.5 Power Broadening

The spectral intensity of the probing laser can also broaden measured ion distribu-
tion functions. The magnitude of the recorded LIF signal is linearly proportional to the
intensity of the laser; doubling the laser power will double the measured signal strength.
This relation holds until a saturation limit is reached, after which an increase in the
number of laser photons at a given wavelength A will not result in any additional electron
energy level transitions. However, due to the finite bandwidth of the laser, an increase in
power above the saturation limit will also increase the spectral intensity of radiation in
the AA range described in Section 2.3.4. If the ions susceptible to induced fluorescence at
wavelengths in that range are not saturated, then an increase in laser power will result in
increased signal by virtue of inducing more transitions away from the central A, broaden-
ing the width of the observed distribution function.

A simple remedy to mitigate the effects of power broadening is to operate the
laser system at a spectral intensity below the saturation limit, which can be determined by
increasing laser power until the response in measured LIF signal is no longer observed to
be linear. An additional check is to calculate ion temperatures (via the Doppler broaden-
ing mechanism) for increasing laser power levels. The temperature should not be affected
so long as the system is in the non-saturated regime; once an increase in T, is seen, it is
likely that the increase in the width of the distribution is the result of the onset of power
broadening.

For the investigations described in this thesis, the probing laser has been main-
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tained at sufficiently low spectral intensity that the response of LIF signal intensity to a

change in laser power is linear, and therefore power broadening is not believed to affect

the accuracy of the reported measurements.

2.3.6 Combinations of Broadening Mechanisms

The observed width of the induced fluorescent emission distribution will be due to
the cumulative effect of all broadening mechanisms present. If the mechanisms can be as-
sumed to be acting independently, this combination can be represented mathematically by
expressing the final observed spectrum as the convolution of the component broadened
spectra. For example, two separate broadened spectra I, and I, will convolve to yield

IA) = f[l(/l — E[(E)dE T

2.3.7 The Voigt Lineshape

Some broadening mechanisms will dominate the observed emission spectrum
more than others, depending upon the parameters of the plasma in question. Of particular
interest to the present work is the distribution described by the convolution of a Doppler
broadened spectrum (a Gaussian function) and a Stark broadened spectrum (a Lorentzian

function.) The resultant line shape of this convolution is known as the Voigt profile.

_ fz
xp (Tiw,m,n

-8

+
A;LFWHM,S (2 ]2)

"

1)~ [

In Chapters 3 and 4 of this thesis, measured ion distribution functions are ana-
lyzed using a Voigt model, including the application of a computational method described
by Bruce and colleagues (2000) that allows for the Doppler and Stark components of
Equation 2.12 to be calculated without the need for an explicit deconvolution. Estimates
for ion temperature, ion velocity, and plasma density can thus all be derived from the

same set of experimental observations.
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2.4 Discussion

Chapters 3 and 4 of this thesis describe experiments in which laser induced fluo-
rescence has been applied to the study of spheromaks, plasmas in a particular magnetic
confinement configuration that will be described in greater detail in those chapters.

Before proceeding to the discussion of those experiments, however, the actual
method by which the LIF diagnostic will be implemented will be reviewed here, for
clarity. The wavelength of the probing laser is swept across the ion distribution for the
particular energy level transition of interest, with the resultant induced fluorescent light
detected at the photomultiplier. Emitted light intensity as a function of incident laser
wavelength, I(X), is then fitted to the theoretical models predicted by the spectral line
broadening mechanisms discussed earlier in this chapter. Finally, plasma parameters are
estimated from the shape of these fitted curves.

Laser induced fluorescence is a powerful diagnostic tool, one that affords both
good spatial and temporal resolution of measurements, as well as the ability to distinguish
between species within a plasma via the excitation of an energy level transition unique to
a particular ionization state. These traits are utilized in the investigations reported in the
following chapters, which are among the first experiments to examine spheromak plas-

mas with LIF.
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Chapter 3
Coaxial Spheromak Device

3.1 Introduction

This chapter describes laser induced fluorescence experiments performed on
plasmas produced in a spheromak confinement configuration. The objective of these
experiments is to apply the LIF principles detailed in Chapter 2 toward the study of the
formation and evolution of spheromak plasmas. Laser induced fluorescence is expected to

provide information regarding such plasma parameters as ion density and temperature.

3.2 Spheromaks

Bellan (2000) defines the spheromak as “an axisymmetric magnetohydrodynamic
equilibrium with (i) a simply connected bounding surface, (ii) both toroidal and poloidal
magnetic fields, and (iii) at least some closed poloidal flux surfaces.” The toroidal direc-
tion in an axisymmetric system is taken to be the azimuthal direction about the axis of
symmetry (¢ direction), while the poloidal magnetic field consists of the field compo-
nents orthogonal to this toroidal direction, as illustrated in Figure 3.1. One characteristic
of the spheromak configuration is that the magnetic field confining plasma in a sphero-
mak state is generated by electric currents within the plasma itself, rather than by external
means such as field coils. This feature makes possible the simply connected topology
of the spheromak, as there is no need for a physical linkage between the plasma and an
external device.

The spheromak is a Taylor state, categorized as a system in which magnetic
energy B? is minimized subject to the constraint that magnetic helicity is held constant.
(Taylor, 1974). Magnetic helicity is defined as the volume integral of A*B, where A is
the vector magnetic potential. It is straightforward to show that the magnetic field which

satisfies this condition is given by the equation



18

where o is uniform. Ampere’s law allows the left hand side of this equation to be rewrit-
ten as p J, and therefore a spheromak in a Taylor state also satisfies the condition that
u,J=0B. Because J is parallel to B in such a configuration, the ideal MHD force JxB is
identically 0 and the configuration is referred to as a force-free state. It is important to
note that a Taylor state is a state toward which a system naturally evolves; plasma insta-
bilities tend to decrease magnetic energy in such a manner that the final configuration of

the system satisfies the Taylor force-free criteria.

3.2.1 The Importance of Spheromaks

What can be gained from the study of spheromaks? Some of the properties of the
spheromak configuration, namely that it is self-organizing and represents an evolution
toward a minimum energy state, make it likely that some naturally occurring plasmas
should exhibit spheromak-like behavior. Recent investigations, including those conducted
by Hsu and Bellan (2002), have found that the physics underlying the formation of sphe-
romaks may bear some relation to that of astrophysical plasmas, including a magnetic
topology dependence upon the parameter o, although such astrophysical plasmas are not
necessarily believed to be true spheromaks. Nevertheless, the study of laboratory simula-
tions may yield information pertinent to their astrophysical counterparts.

In addition, the spheromak configuration has also been studied as a possible
means of achieving sustained nuclear fusion. Because confinement in such a system
would be provided by the plasma itself, the design for a spheromak-based reactor would
likely be simpler than one that utilizes large field coils to produce magnetic confinement
in another configuration (a tokamak, for example). Plasma instabilities and non-ideal be-
havior may ultimately serve to limit the practicality of the spheromak as a fusion device;

however, the field of investigation remains open.
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Figure 3.1. Relative orientations of the poloidal and toroidal directions in an axisymmet-
ric field configuration.
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3.2.2 Spheromaks and LIF

The appeal of using a laser induced fluorescence diagnostic to investigate plas-
mas in a spheromak configuration comes as a consequence of the physical systems (both
natural and artificial) in which spheromak physics is expected to play a role. The sphe-
romak is a plasma confinement configuration, one that may have applications in the field
of nuclear fusion. Ion density and temperature are two key parameters used in assessing
the quality of any proposed fusion scheme, and LIF is ideally suited to measuring both of
these quantities, as discussed in Chapter 2. While LIF measurements cannot be made of
ionized hydrogen plasmas, such as those that would be present in a fusion device, studies
of other gases in the same configuration should still provide valuable information.

Following a similar line of reasoning, the use of LIF to study laboratory sphe-
romaks that simulate certain astrophysical plasmas may lead to deeper understanding
of the physics governing the naturally occurring phenomena. The spatial resolution of
LIF allows for specific regions of these plasmas to be probed selectively. For example,
the density at the head of a plasma jet can be compared to that found in the tail, or the
temperature profile of a plasma can be measured from its bounding surface to the central

core. Other diagnostics, including passive spectroscopy, cannot provide such information.

3.2.3 Coaxial Spheromak Formation

The remainder of this chapter describes an experiment designed to perform laser
induced fluorescence measurements on singly ionized argon plasmas in a spheromak
configuration generated by a device employing coaxial electrodes. A schematic represen-
tation of the device is shown in Figure 3.2. The common geometric axis of the electrodes
provides the requisite axis of symmetry for spheromak formation; toroidal magnetic fields
will therefore be those along the azimuthal direction encircling this geometric axis.

Electrostatic breakdown of gas in the interelectrode region (accomplished through

the use of a switched capacitor bank) will drive a current J in the radial direction between
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Side view

End view

Figure 3.2. Coaxial spheromak generation. An external capacitor bank drives a current J
in the radial direction between electrodes. As current flows through the inner electrode, an
azimuthal B is created. JxB forces parallel to the spheromak axis then propel the plasma
into the vacuum chamber.
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electrodes. Once plasma is present, a complete electrical circuit will be formed and cur-

rent will also flow through the inner electrode itself, parallel to the axis of symmetry, and
thus generate a toroidal magnetic field within the plasma. As J in the interelectrode region
lies in the radial direction and B is azimuthal, a JxB force parallel to the geometric axis
will be present and will push the plasma out of the interelectrode region. Once the plasma
enters the main body of the vacuum chamber, it may detach from the coaxial device and
undergo self-organization toward a force-free Taylor state. The present experiment is

intended to study these detached plasmas as they evolve.

3.3 Apparatus

3.3.1 Coaxial Spheromak Device

The coaxial spheromak device is shown in Figure 3.3. The device employs a Mar-
shall gun configuration using two coaxial cylindrical electrodes. The outer electrode is a
16 cm diameter tungsten-coated copper tube, while the inner electrode consists of a 6.4
cm diameter copper tube encased in a tantalum sheath. The inner electrode serves as the
cathode, while the outer electrode is connected to machine ground and acts as the anode,
such that the interelectrode current J is directed inward.

A 120 pF capacitor bank is used to charge the inner electrode to voltages in the
range of —4 to —6 kV; a setting of —6 kV has been used to produce the results presented in
this chapter. The capacitor bank discharge is initiated by a krytron-fired ignitron switch
that is triggered by a signal transmitted over fiber optic cable so as to prevent ground
loops.

Custom-built gas puff valves inject argon gas into the volume between electrodes.
These valves consist of an aluminum disc, held in place by a spring, that covers a 1/4”
Swagelock tube attached to the vacuum chamber. Argon gas at 45 psi fills a small plenum

behind the disc. To inject gas into the chamber, an electromagnetic coil inside the valve
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v

Figure 3.3. Coaxial spheromak device (exterior view).
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is pulsed, repelling the aluminum disc away from the tube opening via the diamagnetic

effect. The restoring force of the spring and the force exerted by the gas pressure differen-
tial quickly return the aluminum disc to its original position (t<100 ps), closing the valve.
The amount of gas introduced into the vacuum chamber is therefore dependent upon the
voltage used to pulse the electromagnetic coil and the static pressure of gas in the ple-
num prior to opening. Empirical observation demonstrates that a charge of ~620 V on the
capacitor bank that pulses the gas valve coil provides sufficient gas for this experiment.

An electromagnetic coil mounted outside the coaxial electrodes, in atmosphere,
provides a poloidal bias magnetic field. This coil is powered by a pulsed capacitor bank
and is capable of generating up to 6 mWb of magnetic flux, although 2 mWb is the maxi-
mum flux that has been applied during the experiments described in this chapter.

The coaxial gun is mounted on the end dome of a large cylindrical vacuum cham-
ber (1.5 m diameter, 2 m length). A Varian Megasorb roughing pump is used to bring
the chamber from atmosphere down to ~10- Torr. High vacuum for the chamber is then
established with an APD Cryogenics model APD-12S cryopump. Nominal base pressures

in the chamber lie in the range of 1-2¢107 Torr.

3.3.2 Laser

The laser system used in this experiment consists of a Lambda Physik model LPD
3001 tunable dye laser pumped by a Laser Photonics model MY-32 ND:YAG laser. The
nominal output wavelength of the YAG laser is 1064 nm; frequency-doubling optics in-
side the YAG chassis reduce the wavelength to 532 nm prior to the beam entering the dye
laser. The YAG pulse duration is fixed at 15 ns, and the YAG is triggered at a repetition
rate of 15 Hz by means of an external timing circuit.

The output wavelength of the dye laser is adjustable by means of angle tuning, in
which the laser grating is tilted via stepper motor such that the desired emission wave-

length is at normal incidence to the end mirror. The wavelength range over which the dye



Figure 3.4. Laser system. Photons at 532 nm produced by the YAG laser (top) excite the
Rhoadmine 640 dye used in the dye laser (bottom), causing emission near 612 nm. The
output wavelength of the dye laser is controlled via angle tuning.
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laser may be tuned depends upon the dye solution present in the laser. A 0.3 g/mol solu-

tion of Rhodamine 640 has been used in this experiment; the manufacturer claims maxi-
mum output power for this solution is achieved at a wavelength of ~612 nm, close to the
expected 611.49 nm wavelength of the Ar II transition probed in this experiment. Manual
control of the grating stepper motor allows for the laser wavelength to be changed in 1

nm increments, and the output wavelength has been calibrated via spectrometer.

3.2.3 Optical Fiber

The lasers used in this experiment are located in a different room than that con-
taining the coaxial spheromak device. The use of mirrors to direct the laser beam into the
vacuum chamber is impractical from a design perspective, so optical fiber is used instead.
An achromatic doublet (f=5.08 cm, ¢=2.54 cm, Newport PAC040) focuses the laser into
the entrance aperture of the optical fiber assembly, as shown in Figure 3.5.

The exit ferrule of the optical fiber is mounted on a 2.75” diameter port of the
spheromak vacuum chamber by means of a Lucite block. Lucite is used as it is electri-
cally insulating, thus protecting the fiber from possible transient high voltages associated
with the surface of the vacuum chamber. An achromatic doublet (f=5.08 cm, ¢=1.27 cm,
Newport PAC528) for collimating the laser beam after it exits the fiber is placed in a
cavity inside the Lucite. After final in situ adjustments to the separation between the end
of the optical fiber ferrule and the lens to obtain optimum collimation, the fiber ferrule is

fixed in place with a set screw.

3.2.4 Experimental Timing

Control over experimental timing is achieved with custom CAMAC time delay
sequencer modules. An eight-channel module with 50 ns time resolution triggers the YAG
laser flashlamps and Q-switch (768.4 ps separation) in response to a 15 Hz timing signal

phase-locked to the 60 Hz AC line power.



Figure 3.5. Optical fiber assembly. (Top) An achromatic doublet focuses the laser into the
entrance of the fiber assembly. (Bottom) The output ferrule of the fiber is mounted to the
spheromak vacuum chamber with a Lucite block that also contains a collimating lens.
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A twelve-channel CAMAC module provides the discharge triggers for all capaci-

tor banks involved in spheromak formation, as well as the trigger to the oscilloscope that
digitizes the photomultipler signal. Fiber optics are used to transmit the timing signals
from the CAMAC modules to prevent ground loops and other electrical feedback. Table
3.1 details the various time delay settings used in this experiment.

An important concern in the design of the experiment is the synchronization of the
single-shot spheromak discharge with the 15 Hz pulsed laser system. Two approaches are
possible: to have a signal associated with the spheromak discharge trigger the laser timing
sequencer, or to have the laser timing sequencer initiate spheromak formation.

In the present experiment it is impossible to use a signal generated after the sphe-
romak has formed to trigger the laser and produce a successful LIF measurement, due
to the operating requirements of the YAG laser. A delay of 768.4 us is needed between
the excitation of the YAG’s flashlamps and the subsequent triggering of the Q-switch
that permits the beam to exit the YAG. The duration of a typical argon spheromak in the
experiment is 20—-30 ps. Thus, no diagnostic (for example, a probe monitoring coaxial
gun voltage) can send a signal to the laser after plasma has formed and have the resulting
beam intercept the spheromak before the plasma dissipates.

It would be possible to have a pair of timing signals from the twelve-channel
module trigger the laser (one signal for the flashlamps and one for the Q-switch). Howev-
er, this would result in only a single laser pulse every several minutes; while the laser can
operate in such a single-shot mode, it is more likely to generate a consistent output profile
when running at its nominal high repetition rate. Therefore, it is desirable to implement
a means of having the laser’s eight-channel timing sequencer module generate output
pulses at 15 Hz and yet also trigger a single spheromak discharge. This can be achieved
via the use of a flip-flop circuit.

In the present experiment the eight-channel delay module sends trigger signals to

the flashlamp and Q-switch circuits as usual, while an additional channel sends a signal
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Laser System Time Delays

Event Time

Synchronization signal —
sent to spheromak time delay generator

YAG flashlamps 22.7958 ms
YAG Q-switch 23.5642 ms
Spheromak Time Delays
Event Time

Stuffing flux coil trigger -

Gas valves trigger 21.8 ms
Main capacitor bank discharge 23 ms
Oscilloscope trigger 23 ms (variable)

Table 3.1. Timing delays used in the coaxial spheromak LIF experiment.

over optical fiber to the input of a flip-flop circuit located near the twelve-channel mod-
ule. The spheromak formation sequence is normally initiated by means of a handheld
push-button that sends a signal over fiber optic cable to the twelve-channel module. Now,
the output of the push-button is instead routed to the D input of the flip-flop. When this
input detects the push-button signal, it goes to a logical high state, and the flip-flop will
generate one output pulse upon receiving the next clock pulse from the fiber carrying

the signal from the eight-channel module. The maximum delay between depressing the
push-button and the ensuing output pulse from the flip-flop will be no more than 66.7 ms,
over which time the spheromak capacitor banks will discharge only a negligible amount.
Therefore, this flip-flop configuration satisfies the requirements for a system that will
synchronize the spheromak and the laser. Figure 3.6 illustrates the chronological order of

events associated with the laser and spheromak generation systems.

3.2.5 First Photomultipler Configuration
Figure 3.7 shows the first experimental configuration used for the collection of
emitted fluorescent light from the plasma. The assembly views the plasma through a 6”

circular window on the side of the vacuum chamber, looking in a direction perpendicular
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Figure 3.6. Chronology of the LIF spheromak experiment.
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to the spheromak’s axis of symmetry. A Thorn EMI QL30F/RFI electron tube is used as

the photomultiplier element; the QL30F is battery-powered, an important design consid-
eration as a photomultipler connected to AC power would be more susceptible to ground
loops and electrical interference caused by the multiple high voltage switches used in the

experiment. A 2” diameter narrow bandwidth interference filter (1 nm AL ) centered

FWHM
on the 460.96 Ar II emission line is mounted in front of the photomultiplier.

Due to the large physical size of the QL30F assembly and the available space in
the laboratory, it is necessary to mount the photomultiplier at a 90° angle to the intended
viewing direction and to use a mirror to reflect emitted light from the plasma onto the
photomultiplier head. A biconvex lens (f=20.0 cm, =5.08 cm, Newport KBX166) is
placed between the plasma and the mirror to focus light from the region of plasma illumi-
nated by the laser onto the photomultiplier head. To prevent saturation of the photomulti-
plier, an ND 1.0 neutral density filter is also incorporated into the optical path.

Multiple attempts at detecting an LIF signal using this photomultiplier configura-
tion have been made, but none has proven successful. Spontaneously emitted background
light emission at the 460.96 nm wavelength is readily observed but without any induced
transitions caused by the probing laser. The QL30F has a 15 ns rise time, which may be

too slow for the present experiment in which the induced fluorescence signal is expected

to have a duration of <30 ns.

3.2.6 Second Photomultiplier Configuration

As a result of the failure of the first light collection apparatus to detect an induced
fluorescence signal, a different experimental configuration is needed. As the slow rise
time of the QL30F electron tube is suspected to be the most serious design flaw, a 0.78 ns
rise time Hamamatsu H6779 has been selected as the new photomultiplier element. The
Hamamatsu is also a much smaller device than the Thorn EMI, eliminating the need for

the 90° turn and accompanying mirror in the optical path.



Figure 3.7. First photomultiplier configuration. The ND filter, normally located between
the lens and mirror, has been removed for clarity.
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A LeCroy VV100BTB 10x amplifier has been integrated into the photomultiplier

circuit to boost the output signal amplitude. Twelve 1.5 V rechargeable lithium ion bat-
teries provide electrical power for the photomultiplier and amplifier. The photomultiplier,
amplifier, batteries, and ancillary circuitry are enclosed in a metal box to shield against
electromagnetic interference, as shown in Figure 3.7. The photomultiplier assembly has
been designed and constructed by F. Cosso.

The £=20.0 cm biconvex lens is again used to focus light onto the photomultiplier.
A 1”7 diameter 1 nm bandwidth interference filter centered on the 460.96 nm Ar II line is
placed in front of the photomultiplier head.

An opaque mask has been placed on the 6” window of the vacuum chamber to
further reduce the amount of extraneous light reaching the photomultiplier. This mask
consists of a 6 diameter disk of thick black paper with a central rectangular aperture to
allow light from the region of plasma illuminated by the laser to pass through. This mask
effectively prevents light from reaching the photomultiplier from regions of the plasma
other than that illuminated by the laser (and those areas of the plasma directly in front of

and behind this region along the line of sight of the photomultiplier).

3.2.7 Data Acquisition

A LeCroy 9314 oscilloscope (4 channels, 100 Ms/s sampling rate) is used to mea-
sure the output signal of the photomultiplier and to store this data for subsequent analysis.
Aeon CAMAC digitizers are used with other diagnostic equipment on the coaxial experi-
ment; however, their maximum digitization rate of 10 MHz (100 ns between memory
addresses) is insufficient to record the induced fluorescence signal properly, as the signal

is expected to last on the order of <30 ns.

3.2.8 Photodiode

To aid in fine tuning the synchronization between the laser system and the sphero-
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Figure 3.8. Second photomultiplier assembly.
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Figure 3.9. Opaque mask to prevent extraneous light from reaching the photomultiplier.
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mak formation apparatus, a photodiode is placed in the beam path of the laser after it has

exited the vacuum chamber. The diode is located approximately 1 m from the intersection
of the central axis of the spheromak and the laser; therefore, the laser may be expected

to pass through the plasma ~3 ns prior to detection of the beam by the photodiode. Use

of this technique proves useful in selecting a precise time relative to the formation of the
spheromak plasma to perform LIF measurements. Calibration of the signal level of the
photodiode is unnecessary, as the only information needed for synchronization is the time

at which the laser first strikes the diode.

3.4 Observations

3.4.1 Measured LIF Signal

Fluorescent light from the argon plasma is collected by the photomultiplier, and
the photomultiplier’s output voltage is then recorded by the LeCroy 9314 oscilloscope.
This model oscilloscope possesses an RS-232 interface; however, the software used for
data transfer to a computer is prone to failure, so output to an X-Y plotter has been used
for hard copy recording of oscilloscope traces. A sample output page from the plotter,
displaying four representative LIF signals detected by the photomultiplier, is shown in
Figure 3.10. The induced fluorescence signals caused by the probing laser can be seen in
the highlighted box. The oscilloscope’s built-in signal measurement functions are used to
record the voltage levels corresponding to both the LIF peak maxima and the background
emission, such that the magnitude of the induced fluorescence signals are accurately re-
corded. A plot of measured LIF signal peaks as a function of incident laser wavelength is

provided in Figure 3.11.

3.4.2 Fitting to Theoretical Model

A dataset consisting of measured induced fluorescent light intensity as a function
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Figure 3.10. Photomultiplier signal traces as recorded by the LeCroy 9314 oscilloscope.
The sharp peaks inside the highlighted box represent induced fluorescence caused by the
probing laser.



38

"60 T T T T T T T TT \\\\\\\\\‘\\\\\\;ﬁ\i\ﬁ‘;ﬁ\;{\ T T T T T T T T T T T T L
a) i « * % « * ,
r X * * B
140 = R X -
g% ox x i
-~ | % i * X X % |
€ * X X X
— - ¥ ¥ ¥ ¥ * X ¥ .
= ¥ X ¥ *
120 — § % X ¥ ¥ |
=
o - ok xoxp o ox ¥ g 7
* X X X
& r § ¥ ¥ X X x % % * 7
S 100+ x x x X & ¥ X X X X X —
< | X X X X v X * |
5 * * % X X K X "
_ - ¥ |
2 o Lo A :
% - * X x % _
s T . i 1
L % |
¥
60 — * —
407\ I Y I | ‘ S Y S Y | ‘ ] M | ‘ I Y Y S I B | ‘ S I Y N I B | ‘ I — \7
611.47 611.48 611.49 611.50 611.57
Laser wavelength (nm)
b) "607\ T T T T T T T \\\\\\\\\‘\\\\\\;ﬁ\i\ﬁ‘;ﬁ\;{\ T T T T T ‘ T T T T T T T T T ‘ T T T
| X % * Appar=011.487 nm
L y Ay =35+2 pm i
140 — VION:_Z km/s 1
— = T 233 eV 4
> L |
E L ,
5 120~ —
o L |
> L |
e
© r -
© 100~ _
O — —
O
8 - -
é L |
c, 20~ —
9 | |
L = —
5 | i
60 — —
407\ L1 \\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\7

611.47 611.48 611.49 611.50 611.51
Laser wavelength (nm)
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Figure 3.11. a) Photomultiplier signal of laser induced fluorescence at 460.96 nm as
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pler, c) Stark, and d) Voigt line broadening models.
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of incident laser wavelength can be analyzed with respect to the spectral line broadening

mechanisms discussed in Chapter 2 to yield estimated values of the plasma parameters
associated with those mechanisms. The Interactive Data Language (IDL) software pack-

age has been used for all computations presented in the following sections.

3.4.2.1 Doppler Broadening

If the dominant spectral line broadening mechanism responsible for the width of
the distribution shown in Figure 3.11 is Doppler broadening due to thermal motion of the
ions, the relationship between emitted fluorescent light intensity and incident laser wave-
length should take the form of a Gaussian function. The built-in IDL routine GAUSSFIT
performs a least-squares fit of a user-supplied dataset to a Gaussian; this routine has been

used to fit the coaxial spheromak data to a function of the form

I(A) = Aexp (—%2) (3.2)

2(A-4)

X =———F-

A (3.3)
where the fitted parameters A , A , and A, correspond to the function’s peak amplitude,

wavelength at this maximum amplitude, and AL of the function, respectively. Due

FWHM

to the Gaussian form utilized by GAUSSFIT, the AL of the distribution returned by

FWHM
the routine is actually given by 2¢(2In2)"?*A =~ 2.35A.. For the LIF signal data collected
from the coaxial gun experiment, the best-fit parameters for the data shown in Figure 3.11
are found to be A =120+2 mV, A =611.487 nm, and A =15+1 pm.

The value for the A| parameter can be used to calculate an estimate for the ion
propagation velocity, as described by Equation 2.2. Using A, =611.49 nm as the expected
resonant wavelength corresponding to the energy level transition from the initial state to
the intermediate state of the Ar II fluorescence under investigation, the computed value

of A, suggests an ion velocity of —2 km/s. (A velocity less than 0 represents motion away

from the incident laser beam; motion toward the laser would be represented by a positive
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velocity.) With the present experimental configuration, this means that the vertical com-

ponent of the velocity of the diagnosed volume of plasma is directed downward at the
time the measurement is made. In experiments on hydrogen plasmas formed by the same
coaxial apparatus, Yee and Bellan (2000) use magnetic field measurements to calculate
a plasma propagation rate of 86 km/s in the axial direction. Differences in experimental
conditions (gas species, capacitor bank voltages, time delay settings) will tend to limit the
validity of comparisons between these two experiments.

As discussed in Chapter 2, ion temperature is related to the Ak . of the Gauss-
ian distribution when Doppler broadening dominates. The best-fit model to the experi-
mental data collected from the coaxial spheromak experiment yields a AA_ . of 3542

pm. Inserting this value into Equation 2.7 results in a calculated ion temperature of 2342

eV.

3.4.2.2 Stark Broadening

If the plasma produced by the coaxial spheromak device is of high ion density
and low ion temperature (to the extent that line broadening due to thermal motion can be
ignored), the observed lineshape of the fluorescent light distribution should be caused pri-
marily by the Stark effect. In this case, the function to which the experimental data should
be fit is a Lorentzian distribution.

IDL does not contain a predefined routine for fitting data to a Lorentzian distribu-
tion; however, the IDL CURVEFIT routine allows for fitting to any user-supplied non-lin-
ear function for which the partial derivatives with respect to the unknown parameters are

known. CURVEFIT has been used to fit the experimental data set to the function

1) = AL

1
1+ X (3.4)

where x has the same definition as in Equation 3.3, and A , A , and A, again correspond

to the fitted function’s peak amplitude, wavelength at maximum amplitude, and AL .,

respectively. Defining the function in this form allows for A, to represent the AA_ . of
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the distribution without a correction factor. The best-fit parameters to this Stark model are

found to be A =384+1 mV, A =611.487 nm, and A,=36+1 pm.
Based upon the discussion presented in Section 2.3.2 on the Stark fitting calcula-

tions of Aparicio and colleagues, a Stark AA of 36 pm corresponds to a plasma ion

FWHM

density of ~1.0¢10% m>.

3.4.3 Voigt Profile

The previous two sections have analyzed the collected LIF data by assuming that
the observed line broadening is caused entirely by one broadening mechanism, either
Doppler or Stark. These exercises have merit, as they serve to place upper limits on the
calculated values that should be expected for ion temperature and density; however, the
observed lineshape results from the presence of both mechanisms. As discussed in Sec-
tion 2.3.7, the combined effect of Doppler and Stark broadening is known as the Voigt

profile and is represented mathematically as the convolution of the two functions.
2

oo 7
AA"FWHM,DZ df
C-g

+ 2
A/IFWHM, s (3 5)

IA) ~ f

Instead of directly fitting experimental data to the function defined by Equation
3.5, a less computationally intensive alternative is frequently used that approximates the
convolution as a linear combination of a Gaussian function and a Lorentzian function,
where the AL, ., of these two functions are set equal to each other, such that this value is

also the AL ..., of the fitted lineshape. The true linewidths of the convolved Gaussian and

Lorentzian in Equation 3.5 are subsequently computed using the fitted AL, . and the
fractional contribution of each function to the linear combination. Bruce (2000) presents
an extensive discussion of this approximation and of the error it introduces and claims the

error in linewidth of the calculated Voigt shape is on the order of 1-3%. The area under

the function is expected to deviate from the true value by no more than 0.72%.
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To make use of this linear combination approximation, the experimental data is

fitted to the function

I = A 143%1_:)624'(1—143) 02 exp (~In2-x?) 56

X, A, A, and A, have the same meaning as in the separate Doppler and Stark
models presented in the last two sections. The constant coefficients involving © and In 2
stem from the use of normalized expressions for the Lorentzian and Gaussian functions
(an additional factor of 2 common to both functions has been incorporated into A ).

The A, parameter denotes the fractional contribution of the Stark function to the
overall lineshape, such that 1-A represents the Doppler contribution; it is expected that
0<A <1. Wertheim (1974) asserts that lineshapes in which the best-fit A, lies outside this
range are possible and indicate the presence of significant line broadening from a mecha-
nism other than Doppler or Stark considerations. For the LIF data collected from the
coaxial gun and shown in Figure 3.11, the best-fit parameters to this model are A =263+1
mV, A =611.487 nm, A ,=36+1 pm, and A,=0.1.

To obtain ion temperature and density information from this model, it is necessary
to determine the linewidths of the original Doppler and Stark components which con-
volve to give the Voigt lineshape in Equation 3.5. Bruce provides an empirically calculat-

ed relationship between the AL

of the fitted lineshape in Equation 3.6 and the A\

FWHM
of the Doppler component of Equation 3.5 as a function of the Doppler fraction 1-A..

1 — A3 ) 0.43
0.97

AA‘FWHM, Doppler — A;{’FWHM, Voigt

(3.7)

The AL, of the fitted Voigt function is, by construction, the parameter A.,.

Using the computed value for A, we calculate an expected Doppler AL ..

=34+1 pm,
which corresponds to an estimated ion temperature of 22+1 eV by Equation 2.7.

A relationship between the AL of the fitted Voigt function in Equation 3.6

FWHM

and those of the convolved Gaussian and Poisson functions in Equation 3.5 is given in

Whiting (1968), based on fitting to data originally obtained by Van de Hulst and Reesinck
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(1947). The relationship has the form

2 2
_ AA’FWHM, Voigt A/IFWHM, Doppler

AA‘FWHM, Stark ™

A/IFWHM. Voigt (3.8)

As the AL of the fitted Voigt function and the calculated AL

FWHM

of the Dop-

FWHM
pler component are now known quantities, the AA_ of the Stark contribution follows
directly and is computed to be ~2 pm. This value corresponds to a plasma ion density of
~6.2¢10%' m>. As the Voigt model assumes broadening due to both ion temperature and
density effects, the values returned by this analysis are more likely to represent the actual
parameters of the plasma under investigation than those values given by the models that
assume the presence of only one broadening effect. It should be noted that the goodness-

of-fit statistic returned by the IDL fitting routines is virtually identical for all three mod-

els.

3.4.4 Sources of Experimental Error

It is important to identify potential sources of error that may adversely affect the
reliability of the data collected in this experiment and the subsequent interpretation of
that data. The data plotted in Figure 3.11 exhibits considerable shot-to-shot variation in
the signal level of fluorescent light measured by the photomultiplier. While some natural
variation is to be expected, such large uncertainties warrant further consideration.

The measured LIF signal depends upon the spectral intensity of the laser used to
probe the plasma; more laser power can yield more induced fluorescence transitions and
hence a larger signal at the photomultipler. In the present experiment, the laser system is
operated in a configuration in which shot-to-shot variation in dye laser power is no worse
than 5-10%, as monitored by a Molectron J4-09 pyrocell detector. It is therefore unlikely
that the laser system is the primary cause for the observed data variations.

A change in the plasma itself can cause a change in the observed signal; in partic-
ular, if the number of target ions varies between plasma shots. The coils in the gas valves

used in the present experiment are energized by a capacitor bank that employs electrolytic
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capacitors. Bellan (2002) has studied the behavior of similar capacitors driving current

through the coil of an identically constructed gas valve, as well as through a dummy

load for comparison, and concluded that as the temperature of the electrolytic capacitors
increases, the amount of current output by the capacitors increases despite the charging
voltage being held constant. Greater current supplied to the coil of a gas valve results in

a longer opening time and more gas being allowed to pass through the valve and into the
vacuum chamber. It is reasonable to postulate that this could result in higher density plas-
mas. The impact of this heating effect can be considerable; Bellan reports a temperature
increase of 10 °C (from ~25 °C to ~35 °C) can result in a 250% increase of He gas flow
through the gas valve. Such a temperature change can easily take place over the course of
a day’s experiments, during which the capacitors begin at room temperature and are then
subjected to several hundred cycles of charging and discharging. The thermal dependence
of the capacitor bank was not fully appreciated at the time of the experiments described
in this chapter, and therefore capacitor temperature/gas throughput data is not available.
However, this effect is likely to be the cause for a considerable portion of the variation

seen in Figure 3.11.

3.4 Discussion

The use of laser induced fluorescence to study the behavior of plasma in a sphero-
mak confinement configuration is a relatively novel application of the diagnostic tech-
nique; among the reasons for the limited number of such investigations may be the fact
that spheromak experiments studying the use of the configuration for fusion purposes
predominantly run in hydrogen gas, where LIF cannot provide data.

Whatever the cause for the small number of non-hydrogen experiments, this
experiment has served as proof of principle that LIF measurements can be performed on
plasmas formed by spheromak devices. Despite initial difficulties in developing an exper-

imental apparatus capable of producing a signal, these problems have been resolved and
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it is now possible to generate such signals across the range of resonant laser wavelengths

for a desired energy level transition. Such data has been fitted to LIF theoretical models
to yield calculated values for ion temperature, density, and propagation velocity. The in-
clusion of additional diagnostics, such that these values may be corroborated and the ion
parameters correlated with other plasma parameters to assist in forming a more complete
picture of spheromak evolution, should be made a high priority in further refinements to
the experiment.

Shortly after the completion of the measurements described in this chapter, the
coaxial spheromak device was removed from the vacuum chamber in a scheduled transi-
tion to a new experiment that employs a spheromak formation apparatus based on copla-
nar geometry, as contrasted with the more traditional coaxial Marshall arrangement. As a
result, it has not been possible to perform additional LIF experimental runs on the coaxial
device to probe other locations in the plasma or to measure ion parameters as a function
of time. Nevertheless, it is expected that the techniques developed for experiments on
the coaxial device can be applied to this new coplanar gun. These investigations will be

described in Chapter 4.
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Chapter 4
Planar Spheromak Experiments

4.1 Introduction

The experiment to measure laser induced fluorescence signals in Ar II plasmas
generated by the coaxial spheromak device, as described in Chapter 3, resulted in the
successful calculation of values for the key parameters of ion density, temperature, and
propagation velocity for plasmas produced by one set of experimental control settings.
While the inclusion of data from additional experimental runs would have been required
to provide meaningful insight into the physics of spheromak evolution in that experiment,
the identification of a laboratory technique that can excite a reproducible LIF signal in
spheromak plasmas should prove useful when attempting to make similar measurements
on plasmas produced by other experimental devices. This chapter describes an investiga-
tion aimed at applying the techniques learned in the coaxial spheromak experiment to an
experiment involving a new plasma generation device, one with electrodes configured in

a geometry that is not only coaxial but also coplanar.
4.2 Spheromaks Revisited

4.2.1 Coplanar Generation of Spheromaks

Possessing an axis of symmetry is a required characteristic for a spheromak con-
figuration. One approach to implementing this symmetry in the design of a spheromak
experiment is to utilize axisymmetric electrodes, as did the device used in the experiment
described in Chapter 3. However, that configuration—two nested coaxial cylinders—is
not the only possible implementation of a coaxial electrode design. Hsu and Bellan
(2002) have designed and constructed a plasma generating device with coaxial electrodes

whose principal surfaces lie in a common plane, rather than in two nested cylinders. So as
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to avoid confusion with the coaxial device described in Chapter 3, this new configuration

will henceforth be identified as the coplanar device, or coplanar gun. The geometry of the
coplanar device is illustrated in Figure 4.1.

Spheromak formation in the coplanar device follows a sequence of events similar
to that seen in the earlier coaxial device. The gas to be ionized is injected through a set of
apertures in the gun electrodes, and electrostatic breakdown of the gas is again achieved
via the use of a switched capacitor bank. Eight separate breakdown pathways form, one
for each pair of gas injection apertures (gas breaks down between each aperture on the
cathode and the closest aperture on the anode). These eight plasma flux tubes, equally
distributed in the azimuthal direction and roughly identical in size, are informally referred
to as “spider legs” due to their visual appearance.

After breakdown of the gas, current flows through the plasma, and a toroidal mag-
netic field forms in the region under the arch of the spider legs. At the inner electrode, the
eight spider legs can be thought of as eight parallel current paths; these parallel currents
will attract each other and eventually merge into one central column of plasma. Figure
4.2 displays a sequence of three photographs that depict the formation of the spider legs
and their subsequent merger to form the central column.

Evolution of the coplanar spheromak has been discussed extensively at the theo-
retical level by Bellan (2003) and investigated experimentally by You, Yun, and Bellan
(2005). JxB forces near the footpoints of the spider legs (or central column) act to accel-
erate plasma into the flux tube, after which the ingested plasma travels along the length
of the tube. Toroidal magnetic flux is carried along with this plasma, increasing the flux
density in regions of the tube far from the footpoints. This leads to an increased magnetic
pinch force acting on the tube that reduces its radius; this process continues until the tube
has become axially uniform, at which time the JxB force disappears. The now axially

uniform tube can continue self-organizing toward the final expected Taylor state.
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Figure 4.1. Coplanar spheromak device geometry. An external capacitor bank (not
shown) drives current J from the anode (outer electrode) to the cathode. Eight current
pathways are formed between the eight pairs of gas injection apertures on the electrodes;
for clarity, only four pathways are depicted above. These poloidal currents will generate a
toroidal magnetic field B, as shown.



Figure 4.2. The eight spider legs formed at plasma breakdown in the coplanar device
quickly merge into one central column. The column narrows in diameter as it ingests
more plasma, in accordance with the theory proposed by Bellan (2003). From top to bot-
tom, the photographs are taken at 3 ps, 6 ps, and 11 ps after the breakdown capacitor has
discharged. These images were produced by a Princeton Instruments 576-G/RB-E ICCD
camera.
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4.2.2 The Role of o

Chapter 3 presented a brief description of the fundamental magnetic field topolo-
gy common to all spheromak configurations. One of the key points is that the spheromak
tends to relax to a force-free state (JxB=0) while maintaining constant magnetic helicity
K=[(A*B)dS. As noted in Section 3.2, the magnetic field that satisfies this condition is

described by

VXB=0oB (41)

To give physical significance to the parameter a in the context of the coplanar

spheromak experiment, Equation 4.1 is integrated over the surface of the inner electrode.

f(VxB)-dS: faB-ds

| (4.2)
GUN GUN
‘f,uOJ-dS:‘faB-dS 43)
GUN GUN
Holopw= O gy 4.4
— IUOIGUN (45)
“= Yo

where [ is the current at the inner electrode and vy, is the flux of poloidal magnetic
field passing through the inner electrode. Thus a can be interpreted as the ratio of current
flowing through the electrode to the poloidal magnetic flux. From Ampére’s law, a current
I,y flowing in the poloidal direction generates a magnetic field in the toroidal direction.
Hence, a is also proportional to the ratio of the toroidal field to the poloidal field (modulo
a factor of r, the radius of the inner electrode). The total magnetic field B will be the vec-
tor sum of the toroidal and poloidal components; the relative strengths of the two compo-
nents will determine the pitch angle of the overall field, which will have a helical shape
as illustrated in Figure 4.3. A large a is indicative of a strong toroidal field relative to that
in the poloidal direction, and the corresponding B will be highly twisted. Conversely, a

spheromak with small a will exhibit very little twisting of the magnetic field.
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Small a Large a

Figure 4.3. The relation of a to plasma twisting. As the value of a increases, the ratio of
the toroidal magnetic field to the polodial field grows, leading to a more helical structure.
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The preceding argument suggests that it should be possible to control the value of

o experimentally by varying the applied stuffing flux vy and/or the current I driven
through the spheromak gun, which in practice is determined by the charging voltage used
in the capacitor bank connected to the gun. The use of a laser induced fluorescence diag-
nostic to study plasmas of varying o may yield information regarding the extent to which
plasma twistedness affects such parameters as ion temperature, density, and propagation

velocity.

4.2.3 Free Expansion

Many experiments that generate plasmas in a spheromak configuration make use
of a flux conserver—a conducting wall that surrounds the volume where plasma is pres-
ent. Because the wall is composed of a material that is a strong conductor, the normal
component of magnetic field lines must vanish at the surface, and as a result field lines
form closed flux surfaces within the region bounded by the flux conserver.

By design, no flux conserver is used for the investigations described in this thesis.
Instead, the vacuum vessel has been made sufficiently large in comparison to the size of
the plasma that the plasma is able to expand into an effectively infinite half-space. The
vacuum vessel has a diameter of ~1.5 m, while the cross-sectional diameter of the plas-
ma at formation is on the order of 10 cm. While the magnetic field at the surface of the
(conducting) chamber wall will experience the same flux conserving effect as described
above, this should be occurring sufficiently far from the plasma that the plasma is able to
expand freely on the time scale of the experiment. One means of testing this hypothesis is
to perform orientation-sensitive measurements on the plasma to observe if there are any
changes in plasma behavior after it expands to a certain size. The available laser induced
fluorescence diagnostic is ideally suited for this purpose. In addition to being able to
probe a specific region of plasma via selection of the volume intersected by the plasma,

laser beam, and viewing angle of the photomultiplier, LIF can also selectively measure
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ion parameters along a chosen direction. In particular, the Doppler broadening mecha-

nism is sensitive to the orientation of the laser as it passes through the plasma, as noted
in Section 2.3.1. If a substantial difference is noted between the values found for the ion
propagation rate and ion temperature along different directions, this may indicate that in-
teractions with the wall are affecting spheromak evolution even without a dedicated flux

conserver present.

4.2.4 Course of Experimental Investigation

The experiments described in the remainder of this chapter have been designed to
continue the use of laser induced fluorescence to measure ion parameters in Ar II plasmas
generated in a spheromak configuration, a configuration now produced by the coplanar
device. Two possible courses of experimental investigation present themselves. For a
given configuration of LIF-associated apparatus (specifically the orientation of the laser
beam and photomultiplier viewing direction), the spheromak control settings can be ma-
nipulated to produce plasmas of different a values, and the ion parameters of the resulting
plasmas can be measured and analyzed to note similarities and differences. Alternatively,
for a fixed set of spheromak control settings, the orientation of the laser beam can be
changed to probe the plasma along a direction of interest; two obvious candidates are
observations with the laser either parallel to or perpendicular to the axis of symmetry of
the spheromak.

Certain useful modifications to the experimental apparatus, suggested by practical
experience acquired during the investigations performed on the previous coaxial device,
have been made prior to proceeding with attempts to produce and record laser induced
fluorescence signals from coplanar spheromak plasmas. Also, additional diagnostics have
been incorporated into the experiment to assess the validity of the plasma parameters cal-
culated from LIF measurements. These equipment modifications are detailed in Section

4.3.
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4.3 Apparatus

4.3.1 Planar Spheromak Device

The coaxial spheromak device described in Chapter 3 was dismantled shortly
after the laser induced fluorescence experiments that produced the data presented in that
chapter. S. Hsu has installed a new spheromak gun, one utilizing coplanar electrodes,
at the location on the vacuum chamber previously occupied by the coaxial device. The
cathode of this coplanar gun consists of an 8 (20.3 cm) diameter copper disc; the anode
is a copper annulus, concentric with the cathode, with a 20 (50.8 cm) outer diameter and
an 8.5” (21.6 cm) inner diameter; the two electrodes are thus separated by a 1/4” annular
gap. The coplanar electrodes are shown in Figure 4.4.

Many of the electrical and gas injection subsystems used for spheromak formation
in the coplanar gun are the same as those used in the coaxial gun experiment. The specifi-
cations of this equipment are repeated here for convenience, with any substantial modifi-
cations noted.

A 120 pF capacitor bank charges the inner electrode, which is connected as the
cathode, to voltages in the range of —4 to —6 kV. The capacitor bank discharge is initiated
by a krytron/ignitron switch that is triggered by a signal transmitted over fiber optic cable.
Optical isolation of the trigger circuit is used to prevent ground loops from adversely af-
fecting the capacitor bank.

Improved versions of the custom-built gas puff valves inject argon gas into the
vacuum chamber through a set of apertures in the coplanar gun electrodes. Each gas
valve consists of an aluminum disc, held in place by a spring, which covers the entrance
to a 1/4” Teflon tube that leads to the electrode apertures through additional stainless steel
and copper tubing. Argon gas at 45 psi fills a small plenum behind the disc. To inject gas
into the chamber, an electromagnetic coil on the valve is pulsed, repelling the aluminum

disc away from the tube opening via the diamagnetic effect. The restoring force of the
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Figure 4.4. Coplanar spheromak device. (Top) Exterior view. (Bottom) Interior view.
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spring and the force exerted by the gas pressure differential quickly return the aluminum

disc to its original position, closing the valve. The amount of gas introduced into the
vacuum chamber is therefore dependent upon the voltage used to pulse the electromag-
netic coil and upon the static pressure of gas in the plenum prior to opening. The new gas
valves contain stronger springs than those used in the valves in the coaxial spheromak
experiment—an enhancement intended to give more consistent performance in terms of
the quantity of gas injected during each opening.

The inner and outer electrodes of the coplanar gun each contain eight 1/4” diam-
eter apertures, with the eight openings on each electrode uniformly spaced 45° apart, as
seen in Figure 4.5. The holes on the inner electrode lie along a circle of radius of 4.8 cm,
while those on the outer electrode are 17.8 cm from the center of the annulus. All eight
apertures on the inner electrode are connected to a single gas valve, while the eight on the
outer electrode are fed by two valves (four apertures per valve).

A new stuffing flux coil has been mounted within the body of the inner electrode
reentry port to provide a poloidal bias magnetic field. This coil is powered by a pulsed
capacitor bank and can generate up to 6 mWb of magnetic flux at the surface of the inner
electrode. The coil is shown in Figure 4.6.

The coplanar gun is attached to the center reentry port at one end of the large
cylindrical vacuum chamber (1.5 m diameter, 2 m length) previously described in Chap-
ter 3. The inner electrode is affixed to the reentry port proper, while the outer electrode
is held in place by two supports bolted to the wall of the vacuum chamber, with some
additional support provided by the 1/4” copper tubing that connects the electrode to the
gas injection vacuum feedthroughs. A Varian Megasorb roughing pump brings the cham-
ber from atmospheric pressure down to ~10- Torr. High vacuum for the chamber is then
established with an APD Cryogenics model APD-12S cryopump. Nominal base pressures

inside the chamber lie in the range of 1-2x107 Torr.
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Figure 4.5. Gas injection points on the coplanar gun electrodes. The inner and outer elec-
trodes each contain eight 1/4” apertures, connected by copper tubing to gas puff valves
outside the vacuum chamber. An additional aperture located at the center of the inner
electrode is not used in the present experiment.
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Figure 4.6. Stuffing flux coil. (Top) The coil located within the body of the inner elec-
trode reentry port during normal operation. (Bottom) The coil prior to installation.
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4.3.2 Second Gas Valve Power Supply

During early testing of the coplanar gun, electrical breakdown of argon gas
frequently occurred in the Teflon tubing connecting the gas valves to the coplanar elec-
trodes, instead of in the interelectrode region as desired. This left a dark residue (most
likely burned Teflon) in the gas lines, as shown in Figure 4.7. This phenomenon was not
observed in similar tests using hydrogen gas.

One possible explanation for this behavior is that the body of the gas valve floats
at an electrical potential for which the Paschen criterion for breakdown, which will be
discussed in another context and in greater detail in Chapter 5, is satisfied for argon but
not for hydrogen. The capacitor bank that energizes the gas valve coils is connected to
AC power through an isolation transformer, such that the ground potential of the capaci-
tor bank is floating. The gas valves connected to the outer electrode of the coplanar gun
will tend to float at a potential near that of the body of the vacuum chamber, which is
connected to universal ground. However, the gas valve connected to the inner electrode
will tend to float near the charging potential of the inner electrode, typically —4 to —6 kV.
The gas valves are connected through their shared power supply, so their final potential
must lie somewhere between these two limits. The resulting combination of distance be-
tween gas valves and coplanar electrodes, potential difference between the gas valves and
electrodes, and gas pressure can lead to breakdown in the Teflon tubing.

Assuming this effect to be the cause of the breakdown in the gas lines, a second
capacitor bank has been assembled to separate the charging systems of the inner and outer
gas valves. With the outer electrode gas valves free to float near ground potential and the
inner electrode valve able to float near the potential of the inner electrode, breakdown is

no longer observed in the Teflon tubing.

4.3.3 Experimental Time Delays

The CAMAC time delay sequencers described in Chapter 3 are used once again
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Figure 4.7. Gas injection line to the inner electrode after plasma breakdown has occurred
in the Teflon tube, leaving a dark residue. A second power supply for the gas valve system
has been added to the experiment to eliminate this problem.
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in the coplanar experiment. The new stuffing flux coil achieves its peak magnetic field in

10 ms, as contrasted with the 23 ms required for the coil used in the coaxial experiment;
the relative time delays between trigger signals used in spheromak formation have been
adjusted accordingly. Also, the distance that gas must travel between the outer gas valves
and the apertures on the surface of the outer electrode is longer than the corresponding
distance for gas travelling from the inner gas valve to the inner electrode apertures; the
two trigger signals are staggered such that gas will reach both electrodes simultaneously.
Empirical observation shows that optimal performance for experiments using argon gas
is achieved when the outer gas valves are triggered ~1 ms before the inner gas valve.
Table 4.1 contains a list of experimental timings used in the present experiment. The
spheromak time delays are shown relative to the stuffing flux coil trigger, the first event
in the spheromak formation sequence. It should be noted that this trigger is sent 756 us
after the signal from the flip-flop synchronization circuit is received at the twelve-channel
CAMAC module. With these time settings, the laser intercepts the plasma approximately
14 ps after the main capacitor bank has discharged, when the leading edge of the plasma

passes in front of the field of view of the emitted light collection apparatus.

Laser System Time Delays

Event Time

Synchronization signal -
sent to spheromak time delay generator

YAG flashlamps 10 ms
YAG Q-switch 10.7684 ms
Spheromak Time Delays
Event Time
Stuffing flux coil trigger -

Outer gas valves trigger 1.5 ms

Inner gas valve trigger 2.5 ms

Main capacitor bank discharge 10 ms
Imacon camera trigger 10.01 ms (variable)
LeCroy fast digitizer trigger 10.014 ms (variable)

Table 4.1. Experimental time delays used in the coplanar spheromak experiment.
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4.3.4 Laser Collimating Lens

The collimating lens located at the exit ferrule of the optical fiber transmitting the
laser beam has been replaced with a Newport PAC022 achromatic doublet prior to the ex-
periments described in this chapter. This lens has a focal length of 25.4 mm; the distance
between the lens and the ferrule tip is reduced accordingly to maintain proper collimation
of the laser beam. The diameter of the new collimating lens is 12.7 mm, equal to that of
the previous lens. This modification has been motivated by the observation that a 50.8
mm separation between ferrule and lens results in the diverging laser beam nearly extend-

ing outside the radius of the lens; at 25.4 mm, the entire beam is captured and collimated.

4.3.5 Target Probe

Proper alignment of the light collection optical components is crucial for an
induced fluorescence signal to be detected. With the photomultipler outside the vacuum
chamber and located approximately 1 m from the intersection of the plasma and the laser
(0, ersectio,~2 €M), even a small misalignment can result in the photomultipler observing
the incorrect region of the plasma and missing some portion of any LIF signal that may
be present.

Following a suggestion by R. Stern, a target probe has been constructed to aid
in alignment of the optical path. The target consists of a sandblasted Pyrex glass sphere
((psphere:3 mm) attached to the end of a 44 cm aluminum rod that is mounted at a 90° angle
to a stainless steel rod that can be translated through a vacuum flange to provide motion
parallel to the axis of the spheromak. Aluminum has been used as it is more easily ma-
chinable than stainless steel, but the choice of material is not a critical design element.
Figure 4.8 shows the target probe assembly as seen from inside the vacuum chamber.

When the target is at the same axial distance from the planar gun as the laser
beam, the probe assembly is rotated to place the glass sphere on the spheromak axis

proper. When the laser strikes the glass sphere, a specular reflection is created that can be



Figure 4.8. (Top) Target probe in neutral position and (bottom) rotated to place the glass
sphere target at the intersection of the spheromak axis and the laser beam.
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viewed from all directions. Sufficient laser power is available to produce a small output

signal (5-10 mV) from the photomultiplier in response to this light, even with the 460.96
nm narrow bandwidth filter present. Thus, by illuminating the target with the laser and
adjusting the orientation of the photomultiplier to maximize the detected signal, it is pos-
sible to align the PMT such that one is assured of imaging the region along the central
axis of the spheromak that will be intersected by the laser. Once the optimal photomulti-

plier orientation has been determined, the target may be moved to a neutral position.

4.3.6 LIF Reentry Port

The fluorescent light collection design used in the previous coaxial gun experi-
ment was vulnerable to a number of problems. Spontaneous light emission from regions
of the plasma not illuminated by the laser could reach the photomultipler either via reflec-
tions off the interior walls of the vacuum chamber or by refraction through the convex
lens located in front of the photomultiplier. The use of the opaque mask on the vacuum
chamber window does appreciably reduce the amount of stray light collected, but a more
effective solution is desirable.

A more serious concern with the light collection design is the potential for mis-
alignment of the optical path, leading to the photomultiplier not detecting an LIF signal,
as discussed in the previous section. One modification to the experiment that addresses
both issues is the installation of a dedicated LIF reentry port that mounts the photomul-
tiplier at one end of a tube that points directly at the intersection of the plasma and la-
ser beam. Such a reentry port has been assembled and is shown in Figure 4.9. The port
consists of a stainless steel tube (outer diameter=3/4", length 4’) that is open at one end
and has a 1.33” window flange mounted at the other end. The usable viewing surface of
the window has a diameter of ~0.6”. A non-conducting Lucite block has been machined
to secure the photomultiplier to the open end of the tube, such that the axis of the tube is

centered on the photomultiplier head located behind the 460.96 nm interference filter.
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The reentry port solves the alignment problem by virtue of the rigidity of the

stainless steel tube, effectively connecting the photomultiplier and expected LIF signal
region with a straight line. The level of extraneous light reaching the photomultiplier
head is greatly reduced, as only that emitted light which goes through the reentry port
window can reach the photomultiplier. To avoid oblique reflections within the body of
the tube, the interior surface is lined with the same non-reflective paper used in the earlier
opaque mask. The reentry port can be moved to situate the viewing window at a desired
radial distance from the spheromak axis; a distance of 15-20 cm is typically used during

experiments.

4.3.7 High Sampling Rate Digitizer

The LIF signals observed in the coaxial gun experiment described in Chapter 3
had a duration of ~30 ns, as was shown in Figure 3.10. It is therefore desirable to incor-
porate into the coplanar experiment a data acquisition system that possesses sufficient
time resolution to sample such signals. The LeCroy model 6880 waveform digitizer
contains a biphase clock operating at a frequency of 674 MHz, corresponding to a time
resolution of 0.742 ns, adequate to yield approximately 40 data points per 30 ns LIF sig-
nal. The 6800 can store up to 10,000 memory locations per trace, resulting in a maximum
total acquisition time of 7.42 pus.

One drawback of the LeCroy 6880 is its limited input voltage range. The 6880
accepts a fixed 0.5 V p-p input centered about a DC offset that can be programmed from
—0.25 V to +0.25 V. As the output signal from the photomultiplier used in the experiment
is negative, the offset for the 6800 is nominally set at —0.25 V to establish a window for
measuring LIF signals between —0.75 V and —0.25 V. The gain of the photomultipler is
typically set to produce a signal of approximately —5 V in response to the brightest region
of plasma viewed, as any higher gain setting results in saturation of the detector, which

affects its performance. To reduce the photomultiplier signal to a level that can be mea-



Figure 4.9. LIF reentry port. (Top) External view, with the photomultiplier mounted on
the stainless steel tube. (Bottom) Reentry port, at left, as seen inside the vacuum chamber.
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sured by the digitizer, 15 dB of coaxial attenuation is used at the input of the 6800.

Programming of the LeCroy 6800 and storage of the digitized photomultiplier

data are performed by personal computer via GPIB interface.

4.3.8 High Speed Framing Camera

High speed photography has proven to be a valuable diagnostic tool in many
plasma experiments, providing information on plasma position and morphology by means
of imaging the visible light emitted by plasma ions and/or neutrals. Previous Caltech
plasma experiments (Yee and Bellan 2000, among others) made use of Princeton Instru-
ments model 576-G/RB-E ICCD cameras, which provide high quality 16-bit resolution
images at shutter speeds of as little as 5 ns. One drawback of the Princeton camera is that
it is a single exposure device. To study plasma evolution, a series of plasma shots must be
made, with one photograph per discharge and each photograph taken at a different time
relative to plasma breakdown. The still images can then be combined for viewing as a
motion picture, but shot-to-shot variation between plasma discharges negatively impacts
the usefulness of such data.

A DRS Hadland Imacon 200 ICCD camera was acquired during the course of the
investigations described in this chapter. The Imacon employs an eight-way prism and
computer-controlled time delays to take up to 16 photographs in response to a single trig-
ger, with interframe intervals down to 100 ns. While Imacon pictures lack the resolution
of those produced by the Princeton camera (the Imacon has only 10-bit resolution), the
ability to image an individual plasma discharge from breakdown through the course of its
evolution represents a considerable advantage over the single exposure device.

Imacon images have contributed to the work described in this thesis by providing
visual information regarding plasma position, such that laser timing can be properly syn-
chronized with spheromak formation to have the beam intersect the plasma at a desired

stage. Also, a rough approximation of the ion propagation velocity can be estimated from
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Imacon images of the plasma by tracking the location of distinguishable features in the

plasma as a function of time, as will be described in Section 4.5.

4.4 Observations Perpendicular to the Spheromak Axis

This section presents results obtained in LIF experiments on plasmas produced by
the coplanar gun in which the probing laser has been oriented perpendicular to the axis of
the spheromak. Experimental controls have been set to produce plasmas that exhibit peak
plasma currents of I, =120 kA with an applied vy, =2 mWb, for an expected a value of

o=75 m.

4.4.1 LIF Signal Measurement

Light from the argon plasma is again collected by the photomultiplier, whose
output voltage is now recorded by a LeCroy 6880 digitizer and stored to computer hard
drive for later analysis. A representative signal trace is shown in Figure 4.10; the induced
fluorescence is seen as the sharp peak dipping below background level at t=470 ns. The
photomultiplier signal recorded from 25-30 ns prior to the LIF maximum and the signal
recorded from 25-30 ns after the maximum are averaged to provide a mean value for the
amount of background light emission; this value is subtracted from the LIF signal prior
to fitting data to the line broadening models. The shaded regions in Figure 4.10 represent
those portions of the recorded photomultiplier signal that have been used to estimate the

background emission level.

4.4.2 Fitting to Theoretical Model

The fitting of experimental data to the LIF spectral line broadening mechanisms
is performed with IDL software routines in the same manner as described in Section 3.4.
For the convenience of the reader, the models are once again explained in the following

sections.
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Figure 4.10. Photomultiplier signal recorded in the coplanar spheromak experiment. An
LIF signal is clearly visible at t=470 ns. The average signal recorded in the shaded re-
gions is taken as the level of background emission and is subtracted from the LIF signal
prior to fitting theoretical line broadening models to the data.
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4.4.2.1 Doppler Broadening

If the dominant spectral line broadening mechanism responsible for the width of
the observed distribution in Figure 4.11 is Doppler broadening due to thermal motion of
the ions, the functional form of the relationship between fluorescent light intensity and
laser wavelength should be Gaussian. The IDL GAUSSFIT routine has been used to fit

the collected LIF data to a function of the form

2

I(A) = Aexp (—%) (4.6)

A (4.7)
where the fitted parameter A is the fitted function’s peak amplitude, A, the wavelength at

this peak amplitude, and 2¢(2In2)"**A the AA of the Gaussian. For the data shown in

FWHM
Figure 4.11b, the best-fit parameters are A =27+1 mV, A =611.556 nm, and A,=16+1 pm.

The A, parameter provides an estimate for the ion propagation rate, as defined by
Equation 2.2. Taking A, =611.49 nm as the rest wavelength corresponding to the energy
difference between the initial state and intermediate state of the Ar II fluorescence transi-
tion under investigation, the computed value of A suggests an ion velocity of ~32 km/s.
(A velocity greater than 0 represents motion toward the incident laser beam; motion away
from the laser would be represented by a negative velocity.) In the present experimental
configuration, this means that the vertical component of the velocity of the diagnosed
volume of plasma is directed upward at the time the measurement is made.

Ion temperature in the Doppler broadening model is related to the AL, . of the

fitted Gaussian distribution by Equation 2.7. The best-fit model to the experimental data

collected in the present experiment suggests a AL

swiy Of 38+2 pm. Inserting this value

into Equation 2.7 results in a calculated ion temperature of 26+5 eV.

4.4.2.2 Stark Broadening

If the plasma produced by the coplanar spheromak device is of high ion density
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and low ion temperature (such that line broadening due to thermal motion may be ig-

nored), the observed broadening of the fluorescent light distribution should be due to the
Stark effect. Here, the function to which the experimental data should be fit is a Lorent-

zian distribution. The IDL CURVEFIT routine is used to fit the data to the function

a1 1
1) = A= ws)

where x, A, A, and A, have the same definitions as in the previous section. The best-
fit parameters to the Stark model are found to be A =87+1 mV, A =611.556 nm, and
A =37+1 pm.

According to the linear Stark fitting procedure of Aparicio and colleagues (1998),
a Stark AL .. of 37 pm corresponds to a plasma ion density of ~1.1+10 m™,
4.4.2.3 Voigt Profile

Assuming that the observed lineshape is due to the presence of both Doppler and
Stark broadening mechanisms, the Voigt profile, the function to be fitted to the data is the

convolution of each mechanism’s individual broadening profile.
2

ex S
P (AAZFW,,M,D

-8

+ 5
A;LFWHM,S (49)

"
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Instead of directly fitting experimental data to the function defined by Equation
4.9, a less computationally intensive alternative is often used that approximates the con-
volution as a linear combination of a Gaussian function and a Lorentzian function, where

the AA,,,,\, Of these two functions are set equal to each other, such that this value will

also be the AL, ... of the fitted lineshape. The true linewidths of the convolved Gaussian

and Lorentzian in Equation 4.9 are subsequently computed using the fitted AA_ = of the
approximation and the fractional contribution of each function to the linear combination.
Bruce (2000) presents an extensive discussion of this approximation and of the error it in-

troduces and claims the error in linewidth of the calculated Voigt shape is on the order of
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Figure 4.11. a) Photomultiplier signal of laser induced fluorescence at 460.96 nm as a
function of incident laser wavelength for A , . .=611.537-611.569 nm. Five (5) plasma
shots are made at each wavelength shown. Best-fit curves are shown for b) Doppler, c)
Stark, and d) Voigt line broadening models.
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Figure 4.11. a) Photomultiplier signal of laser induced fluorescence at 460.96 nm as a
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shots are made at each wavelength shown. Best-fit curves are shown for b) Doppler, c)
Stark, and d) Voigt line broadening models.
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1-3%. The area under the function is expected to deviate from the true value by no more

than 0.72%.

The experimental data is fitted with the function

— 11 /In2 2

X, A, A, and A, have the same meaning as in the separate Doppler and Stark
models presented earlier. The constant coefficients involving m and In 2 stem from the use
of normalized expressions for the Lorentzian and Gaussian functions (an additional factor
of 2 common to both functions has been incorporated into A ). The A, parameter denotes
the fractional contribution of the Stark function to the overall lineshape, such that 1-A,
represents the Doppler contribution. It is expected that A, will lie in the range 0<A <I.
Wertheim (1974) asserts that lineshapes in which the best-fit A, lies outside this range are
possible and indicate the presence of significant line broadening from a mechanism other
than Doppler or Stark considerations.

For the coplanar gun data shown in Figure 4.11d, the best-fit Voigt parameters
are A =59+3 mV, A =611.556 nm, A_=38+1 pm, and A,=0.07. To obtain ion temperature
and density information, it is necessary to calculate the linewidths of the original Doppler
and Stark components that convolve to give the Voigt lineshape in Equation 4.9. Bruce

provides an empirically derived relationship between the AL of the fitted lineshape in

FWHM

Equation 4.10 and the AL of the Doppler component of Equation 4.9 as a function of

FWHM
the Doppler fraction 1-A..

1 . A 0.43
AA‘FWHM, Doppler = AA'FWHM- Voigt (Wf) (4 1 1)

By construction, the AA

~wiy Of the fitted Voigt function is the parameter A,. Using

the computed value for 1-A,, we calculate an expected Doppler AA, ., =37+2 pm, which

corresponds to an estimated ion temperature of 2543 eV.

A relationship between the AL of the fitted Voigt function in Equation 4.10

FWHM

and those of the convolved Gaussian and Poisson functions in Equation 4.9 is given in
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Whiting (1968), based on fitting to data originally obtained by Van de Hulst and Reesinck

(1947). This relationship has the form

2 2
_ AA’FWHM, Voigt A/IFWHM, Doppler

AA‘FWHM, Stark ™

A/IFWHM. Voigt (4 ]2)

As the AL of the fitted Voigt function in Equation 4.10 and the calculated

FWHM

A,y Of the Doppler component in Equation 4.9 are now known quantities, the AL
of the Stark contribution follows directly and is computed to be ~1 pm. This value cor-
responds to a plasma ion density of ~4.3¢10?! m~. As noted in Chapter 3, ion parameter
estimates returned by the Voigt profile analysis, which assumes line broadening due to
both ion temperature and density, are believed to approximate plasma parameters more
accurately than estimates provided by the individual Doppler or Stark analyses.

Using line-integrated spectroscopic measurements, You, Yun, and Bellan (2005)
report plasma densities between 10*°—10?> m~ for both hydrogen and nitrogen plasmas
generated by the coplanar spheromak device under experimental conditions comparable
to those used in the present work. (The highest densities are found within the central
column of plasma, with density decreasing as one moves away from the spheromak axis.)
G. Yun reports in private communication that argon plasmas produced by the coplanar
device have also been observed to exhibit similar densities. The LIF-calculated ion den-

sity given by the Voigt profile analysis thus falls within the range that would be expected

based upon these passive spectroscopic measurements.

4.4.3 Additional Perpendicular Measurements

The LIF measurements detailed in the previous sections yielded one set of cal-
culated ion parameters. To investigate the reproducibility of these results, a second
experimental run has been performed using the same experimental control settings (ca-
pacitor bank charging voltages, timing sequencer delays, etc.) A qualitative assessment
of the data obtained in the first run suggests that more plasma shots should be taken at

each laser wavelength to reduce statistical variation, but that the laser wavelength may
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Figure 4.13. a) Photomultiplier signal of laser induced fluorescence at 460.96 nm as a
function of incident laser wavelength for A . .=611.537-611.570 nm. Ten (10) plasma
shots are made at each wavelength shown. Best-fit curves are shown for b) Doppler, c)
Stark, and d) Voigt line broadening models.
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be changed in larger increments. Therefore, in this second experimental run, ten plasma

shots are taken at each laser wavelength instead of five, and the laser wavelength is
changed in 3 pm steps instead of the 2 pm used in the first run.

The LIF data collected in this experiment is shown in Figure 4.13. Fitting this data
to the Doppler broadening model returns an estimated ion propagation rate of ~32 km/s
and an ion temperature of 29+3 eV. The pure Stark broadening model suggests an ion
density of ~1.1¢10* m™. Finally, the Voigt model returns ion parameter estimates of ~32
km/s propagation velocity, 28+2 eV ion temperature, and ~3.4¢10?! m? ion density.

These values are in reasonable agreement with those calculated in the earlier ex-
perimental run. This suggests that the plasmas produced by the coplanar gun are repeat-
able, at least with regard to those ion parameters measured by the laser induced fluores-

cence diagnostic.

4.5 Observations Parallel to the Spheromak Axis

The spheromak LIF experiments described thus far have all been made with
the probing laser directed perpendicular to the axis of symmetry of the spheromak. The
following section describes the results of an experiment in which the optical fiber trans-
mitting the laser has been moved to orient the beam in a direction nearly parallel to the

spheromak axis.

4.5.1 On-axis Measurement Limitation

The laser beam cannot be oriented exactly along the axis of the spheromak, as
the center port on the end dome of the vacuum chamber opposite the coplanar gun is
occupied by equipment used in other plasma experiments. Therefore, the optical fiber is
mounted on an adjacent port, and the laser enters the vacuum chamber off-axis by ~30
cm in the radial direction. The beam must be directed at an angle in order to intercept the

plasma on the spheromak axis in the field of view of the LIF reentry port, which lies ap-
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Top view

LIF reentry port

Spheromak axis -

Coplaliar gun

Figure 4.15. Geometry of LIF measurements made with the probing laser nearly parallel
to the axis of the spheromak. The center port on the opposite end dome of the vacuum
chamber is unavailable, so an off-axis port must be used instead. This requires the laser
beam to form an angle of ~10° with the spheromak axis in order to intercept the plasma
in front of the LIF reentry port.
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Figure 4.16. a) Photomultiplier signal of laser induced fluorescence at 460.96 nm as a
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shown for b) Doppler, c¢) Stark, and d) Vo1g? Tine broadening models.
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Figure 4.16. a) Photomultiplier signal of laser induced fluorescence at 460.96 nm as a
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proximately 25.4 cm in front of the planar gun. The overall length of the vacuum cham-

ber is 2 m, resulting in the laser making an angle of ~10° with respect to the spheromak

axis, as illustrated in Figure 4.15.

4.5.2 Fitting to Theoretical Model

The plasmas probed in this experiment have been produced with slightly different
control settings on the plasma generating equipment. The peak I is ~100 kA and ~1.5
mWb of poloidal stuffing flux has been applied, resulting in o, =80 m™. The emitted
light signal level recorded at the LeCroy digitizer is frequently observed to exceed the
-750 mV limit, so an additional 3 dB of coaxial attenuation has been added, for a total of
18 dB.

Fitting the collected LIF data to the Doppler broadening model returns an estimat-
ed ion propagation rate of ~33 km/s and ion temperature of 52+6 eV. The Stark broaden-
ing model indicates an ion density of ~1.4¢10* m=. Finally, the Voigt profile returns ion
parameter estimates of ~33 km/s propagation velocity, 47+9 eV ion temperature, and

~1.1+10* m™ ion density.

4.5.3 Imacon Camera Images

The laser induced fluorescence experiments described in this chapter have ben-
efitted from the use of the Imacon 200 high speed framing camera. One application for
the camera is to provide a rough approximation of the ion propagation velocity in the
axial direction as the plasma moves away from the coplanar gun. By orienting the Ima-
con perpendicular to the spheromak axis and following the displacement of a particular
region of plasma as a function of time, an average velocity can be calculated. A sequence
of 16 images taken by the Imacon in this perpendicular orientation is shown in Figure
4.18; the time between frames is 1 pus. The most easily identifiable feature of the plasma

to follow is the leading edge of the large bright region as the plasma travels from right
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Figure 4.18. Imacon framing camera photo sequence of plasma propagation, with 1 pus
separation between frames. The edge of the bright plasma region moves ~11.4 cm in 6 pus
between frame 7 and frame 13, corresponding to an average propagation rate of ~20 km/
s. (Frames 6 and 14 do not contain image data due to a camera malfunction at the time of
the experiment.)
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to left through the sequence of images. A reference for measurement is provided by the

10” vacuum port visible in the background of the images, for which the diameter of the
interior of the port is known to be 9”. The plasma is observed to reach the right edge of
this port in frame 7 of the sequence and the left edge in frame 13, for a total elapsed time
of 6 us. The plasma is only half as far from the camera as the port in the background,
however, so the distance travelled by the plasma in this time is not 9”, but only 4.5” (11.4
cm). This yields a rough estimate for the plasma propagation velocity of ~20 km/s, which

differs from the LIF-calculated value by a constant of order unity.

4.5.4 Comparison to Perpendicular Orientation Measurements

With the exception of ion temperature, the ion parameter values calculated in this
experiment are in reasonable agreement with those calculated in the experiments in which
the laser is directed perpendicular to the spheromak axis. The larger ion temperature esti-
mate in the on-axis experiment may be due in part to the quality of the experimental data
collected, which contains fewer data points per laser wavelength. This is symptomatic of
a larger problem with the LIF experimental equipment that is discussed in the next sec-

tion.

4.6 Loss of LIF Signal

Over the course of the investigations described in this chapter, it became progres-
sively more difficult to observe an LIF signal from spheromak plasmas produced by the
coplanar device. At first, nearly every plasma discharge produced a well-defined LIF
signal, comparable in quality to that depicted in Figure 4.10. However, by the time of the
experiments performed with the laser oriented parallel to the axis of the spheromak, for
every successful detection of an LIF signal, as many as 15-20 consecutive shots would
produce spontaneous light emission at the 460.96 nm line but exhibit no induced fluores-

cence above that background level. This inability to detect an LIF signal has grown to the
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extent that signals are no longer observed for experimental control settings that previous-

ly produced strong signals, even after hundreds of attempts. The only known change to
the experimental apparatus prior to the onset of this problem was a modification to the ex-
terior copper tubing that connects the gas puff valves to the gas supply cylinders; it seems
unlikely that this should have caused the ion parameters of the plasma to shift beyond the
ability of the LIF diagnostic to measure. An investigation into the cause of this problem

will be discussed in Chapter 5.

4.7 Discussion

The laser induced fluorescence experimental technique developed on the earlier
coaxial spheromak gun has been successfully adapted for use with the new coplanar sphe-
romak device. Independent sets of measurements performed on Ar II plasmas produced
with the same experimental control settings yield virtually identical calculated ion param-
eters, suggesting reasonable plasma reproducibility. Measurements have been performed
with the probing laser oriented either perpendicular to or parallel to the spheromak’s axis
of symmetry; the ability to make measurements in either orientation is significant, as it
suggests one possible course for future expansion of the experiment. In addition, param-
eter estimates derived from data provided by both passive spectroscopy and visible light
photography are in reasonable agreement with the ion densities and propagation rates
calculated from the LIF measurements performed in this work.

Unfortunately, the success of the experiment cannot be characterized as complete.
The increasing difficulty encountered in detecting an induced fluorescence signal must be
investigated and resolved. Even when the signal is present and can be reproduced reli-
ably, the rate at which data can be obtained from the experiment in its present configura-
tion makes the collection of sufficient data to lead to meaningful physical interpretation
of the results a challenge. Finally, while induced fluorescence measurements have been

made for experiments involving the laser beam positioned in various orientations, the sys-
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tem still lacks a certain level of freedom in the configuration of equipment; for instance,

plasma close to the gun electrodes (most notably the spider legs) cannot be diagnosed
with the laser oriented perpendicular to the axis of the spheromak, as there are no vacuum
chamber ports at the necessary location.

Of these negative points, the loss of signal clearly poses the greatest obstacle to
the future success of LIF experiments on the coplanar spheromak. Chapter 5 presents a
discussion of the steps that have been taken to assess and to attempt to resolve this prob-

lem.
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Chapter 5
Portable Plasma Device

5.1 Introduction
This chapter describes the design and operation of a portable plasma generation
device intended to serve as a means of investigating problems encountered in LIF signal

detection in the Caltech spheromak experiments.

5.1.1 Loss of LIF Signal

The experiments described in Chapters 3 and 4 have demonstrated that it is pos-
sible to calculate ion temperatures, velocities, and densities from LIF measurements
of argon plasmas produced in a spheromak confinement configuration. However, these
experiments have been affected by occasional difficulties in maintaining a repeatable LIF
signal. The most common manifestation of this phenomenon is that for two otherwise
identical plasma discharges—same charging voltages applied to capacitor banks, same
experimental time delays, same laser wavelength—a distinct LIF signal is seen in one
discharge, while the other does not exhibit any induced fluorescence. Plasma discharges
that failed to produce detectable induced fluorescence became more common toward the
end of the investigations described Chapter 4.

Two possible explanations for this effect present themselves: either the plasma
has changed such that its ion parameters are significantly different from those that were
measured previously, or some element of the experimental apparatus used to diagnose
the plasma has changed. Diagnostic equipment monitoring other aspects of the sphero-
mak experiment does not show any appreciable change in such parameters as the time
between the discharge of the capacitor bank connected to the gun electrodes and the onset
of plasma breakdown, the current I driven through the gun electrodes, or the visual

appearance of the plasma as observed in Imacon camera photographs. The only modifica-
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tion made to the spheromak formation apparatus prior to the onset of the loss of signal

problem was a minor reconfiguration of the copper tubing connecting the gas puff valves
to the argon gas bottle; however, as this change should not have altered the amount of ar-
gon present in the plenum of the gas valves at the time the valve coils are pulsed, it does
not seem a likely candidate to explain the change in the fluorescence signal recorded by
the photomultiplier.

A logical next step is to investigate the possibility that a change has occurred

either in the laser system or in the photomultiplier light collection system.

5.1.2 Encore Tokamak

Several LIF experiments have been performed at Caltech on the Encore tokamak
device; among these are ion heating studies by McChesney, Stern, and Bellan (1987)
and the planar LIF experiments of Bailey, Stern, and Bellan (1993). One characteristic of
Encore that makes it an attractive candidate for LIF experiments is its ability to generate
15 plasma discharges per second. This high repetition rate allows the process of sweeping
the probing laser wavelength across the resonant portion of the ion distribution function
to be performed in a matter of minutes, as compared with the much slower process as-
sociated with spheromak experiments. Consequently, the first test chosen to analyze the
functionality of the laser and photomultiplier systems is to attempt to detect an induced
fluorescence signal in an Encore argon plasma using the same equipment. For argon plas-
mas produced under typical experimental conditions of B =300 G toroidal magnetic field
and I,=1 kA plasma current, a distinct LIF signal is indeed seen, as shown in Figure 5.1.
To produce this signal, the probing laser has been tuned to wavelengths that are in good
agreement with those used in prior Encore experiments. The fact that an induced fluores-
cence signal has been produced and detected confirms that the laser and photomultiplier
are in good working condition.

An important difference between the experimental setup used in this test and
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Figure 5.1. LIF signals detected in Ar II plasmas generated by the Caltech Encore to-
kamak. The strong signal at top is produced with the probing laser wavelength set to
611.455 nm, while the bottom signal is obtained at 611.555 nm. All other experimental
conditions are identical for the two plasma discharges. The detection of an LIF signal
from the tokamak plasma confirms that both the laser and photomultiplier are functioning
normally, eliminating these as possible causes for the lack of signal in the spheromak LIF
experiment.
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that of the spheromak LIF experiments is the optical fiber used to transmit the laser to

the spheromak vacuum chamber. The laser is typically directed into the tokamak via a
series of mirrors rather than through a fiber, as the laser system is located adjacent to the
tokamak, although optical fiber laser transmission has also been used in previous Encore
LIF experiments. While it is possible to extract the 55 m length of optical fiber used in
the spheromak experiments from the cable tray in which it is located, there is a risk of
damaging the fiber in the process. (The fiber was damaged when it was first installed and
required repair prior to proceeding with experiments on the spheromak plasmas.)

Since it is impractical to move the optical fiber to another plasma for testing of
the LIF equipment, an alternative approach is to devise a method for bringing a second
plasma source to the fiber. Encore itself is too cumbersome to be relocated, but a new
plasma device, designed to be portable and to have a sufficiently high repetition rate so as
to allow for rapid sweeping of the probing laser wavelength in an LIF experiment, should

make it possible to assess the functionality of the optical fiber.

5.2 Portable Plasma Device Apparatus

5.2.1 Design Considerations

While the primary motivation for the construction of the portable plasma device is
to provide a testbed for diagnosing the laser light output from the optical fiber, the design
should be kept as flexible as possible in anticipation of potential future uses for such a
device. The design should therefore use standard vacuum components and be modular,
to allow for quick hardware changes or additions. Since the optical fiber assembly in the
spheromak experiment is mounted on a 2.75” vacuum port, it is logical to adopt this di-
mension as the standard port size for vacuum hardware components used in construction
of the portable device. The device must provide adequate optical access for both the laser

as well as the photomultiplier, and the device should be controlled by the same time delay
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sequencers used in the spheromak experiments.

5.2.2 Mechanical

The portable plasma device has been assembled in the shape of a five-way cross,
as shown in Figure 5.2. The cross design establishes mutual orthogonality of the laser
beam, the direction of photomultiplier viewing, and the direction of plasma current. The
relative orientation of these three directions in the portable device will thus mimic the
geometry of their analogues in the larger spheromak experiment. Glass viewports are
mounted at two opposing ends of the cross to permit the laser beam to enter the device,
interact with the plasma, and then exit through the opposite side of the chamber. A third
window allows light emitted from the plasma to exit the chamber for collection by the
photomultiplier.

The portable device is pumped down to <1 mTorr through a Swagelock fitting
connected by 1/4” tubing to a Tribodyn vacuum pump. This same fitting also allows for
injection of the gas that will be ionized; a thermocouple tube permanently attached to the
portable device permits the chamber to be filled to a desired pressure.

The two ports of the five-way cross that do not have windows attached are electri-
cally isolated from the remainder of the vessel by ceramic breaks; these ports are con-
nected via high voltage cable to a pulsed capacitor power supply capable of producing
voltages of up to 1.6 kV. To force plasma breakdown to occur in the center of the device,
such that the probing laser can pass through the plasma, 1/8” diameter steel rods are at-
tached to the interior surface of each flange to yield a final interelectrode spacing at the
center of the device of approximately 2 cm, as shown in the bottom right photograph in
Figure 5.2. The insulating alumina sheath seen surrounding one of these rods was added
to the device in an early attempt to force breakdown between the electrode tips when only
one 2.75” ceramic break was present; the later installation of the second ceramic break

has rendered this additional insulation obsolete.



Figure 5.2. Portable plasma device. The electrodes used for plasma breakdown are seen
in the bottom right photograph.
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5.2.3 Electrical

Plasma is created in the portable device by electrostatic breakdown initiated by
the capacitor bank attached to the device electrodes. The Paschen criterion holds that
the minimum voltage required to break down gas in this experimental configuration is a
function of the distance between electrodes and the gas fill pressure. The exact functional
form of the relationship between these quantities can vary, but a common form as identi-

fied by Von Engel (1965) is

__B-pd
" C + In(pd) (5.1

Va
where p and d are the gas pressure and electrode separation, respectively, and V__ is the
minimum voltage required for breakdown. B and C are empirically determined constants
for a given gas and electrode material. The function defined by Equation 5.1 is often
called the Paschen curve; one such curve for argon gas is shown in Figure 5.3. For a
given pd product, argon will break down at voltages above the curve but not for values
below it.

Von Engel’s discussion of the Paschen curve for argon gas identifies an absolute
minimum breakdown potential for iron electrodes of 265 V, achieved at a pd product of
1.5 Torr-cm. The interelectrode spacing in the portable plasma device is ~2 cm; therefore,
the gas pressure required for breakdown at 265 V is approximately 750 mTorr. The por-
table device electrodes are composed of steel, not iron, but this should only cause a minor
change in the optimal pd value.

Since it is advantageous to ionize as much of the argon gas in the portable device
as possible—to yield a stronger LIF signal—the breakdown capacitor is typically charged
to voltages in the range of 1-1.6 kV. Also, operation of the device at a fill pressure of 750
mTorr is observed to result in qualitatively erratic breakdown behavior. More modest
pressures of 400-500 mTorr are found to yield better plasma reproducibility.

The shape of the five-way cross lends itself to the use of a Helmholtz coil to

provide a bias magnetic field to aid in collimation of the plasma discharge along the axis
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distance d. The numerical values shown correspond to those provided by Von Engel for
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defined by the electrodes. Coils have been placed around the arms of the five-way cross

that contain the electrodes used in plasma breakdown; this configuration will not be an
ideal Helmholtz coil, as the distance between coils is twice the radius of a coil, but the
magnetic field near the central axis of the chamber will still be nearly parallel to the elec-
trodes. Electric current for the coils is provided by the discharge of an 1800 puF capacitor

that is typically charged to 30—40 V.

5.2.4 Experimental Timing and Data Acquisition

Experimental timing for the portable device experiment is controlled by the same
CAMAC timing sequencers used in the spheromak experiments. During testing of the
portable device, timing signals have been provided by the eight-channel CAMAC mod-
ule that also controls laser timing. The Helmholtz coil is found to achieve peak magnetic
field strength approximately 0.5 ms after the discharge of the capacitor bank providing
current to the coil. The timing signal to trigger plasma formation should therefore be ad-
justed such that breakdown will take place 0.5 ms after the Helmholtz coil is energized. A
second flip-flop circuit, identical to the one used in the spheromak experiments, has been
built to accomplish this synchronization. The output of one flip-flop circuit is split to trig-
ger the Helmholtz coil and to act as the input to the second flip-flop that will then trigger
the capacitor bank used for plasma breakdown. Separate channels of the eight-channel
CAMAC delay sequencer provide clock pulses to the two flip-flops, with the clock signal
for the breakdown capacitor circuit delayed by the needed 0.5 ms. While other means of
generating the necessary timing signals are possible, the construction of a second flip-flop
enjoys the additional advantage of furnishing a spare for use in the spheromak experiment
should the original ever be damaged, or if future enhancements to that experiment would
benefit from the incorporation of a second such device. Table 5.1 lists the time delays
used in the operation of the portable plasma device relative to the firing of the YAG laser

flashlamps.
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Event Time
YAG flashlamps fire -
Helmholtz coil energized 266 s
Maximum applied magnetic field 766 us
Breakdown capacitor discharges 766 us
Oscilloscope acquisition begins 766 us
YAG Q-switch triggered 768.4 us

Table 5.1. Experimental timing delays for operation of the portable plasma device,
relative to the firing of the YAG laser flashlamps.

5.3 Experiments
This section reports observations made in experiments designed to produce an

LIF signal in Ar II plasmas generated in the portable plasma device.

5.3.1 Spectroscopy

Before searching for an LIF signal in argon plasmas produced by the portable
device, it should first be confirmed that Ar II is present. Spontaneous emission from the
plasma has been directed into a Jobin Yvon SPEX 1000M spectrometer for analysis. The
emission spectrum about 460.96 nm, the Ar II wavelength of interest in the spheromak
experiment, is shown in Figure 5.4. The spectrum exhibits strong emission at 458.99 nm
and 460.96 nm, both of which are Ar II lines. Ar I lines at 459.61 nm and 462.84 nm are
not seen, suggesting that the plasma is nearly fully ionized. A line observed at 463.05 nm
is suspected to originate from N II; it is likely that some nitrogen is present in the vessel

due to small vacuum leaks.
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Figure 5.4. Emission spectrum for argon plasma produced by the portable plasma device.
The lines at 458.99 nm and 460.96 nm are from Ar II. Neutral argon lines at 459.61 nm
and 462.84 nm are not seen. The 463.05 nm line is believed to come from N II present in
the chamber.
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5.3.2 Plasma Current and Magnetic Confinement

Two important experimental parameters monitored during plasma discharges
in the portable device are the current driven through the Helmholtz coil and the current
flowing from the breakdown capacitor to the electrodes of the portable device. The for-
mer is proportional to the magnetic field inside the chamber, assuming normal Helmholtz
coil behavior, while the latter provides an upper bound on an estimate of L, the cur-
rent flowing through the plasma itself. The estimate of I should be considered an upper
bound, since the main body of the portable device is electrically isolated from all external
power supplies; it is reasonable to assume that the nearly all of the current flowing be-
tween terminals of the capacitor must therefore be carried by the plasma and not through
the body of the chamber itself.

With the plasma current and the magnetic field in the device, it is possible to cal-
culate the ratio of these two quantities, recalling the o parameter that has previously been
cited as important in the understanding of spheromak evolution. Of course, it has not
been established that the plasma inside the portable device is in a force-free state, so an
a value may not have the same physical signficance as it does for plasmas formed in the
larger spheromak device.

Ion Physics current monitors are used to measure the current output of the break-
down capacitor circuit and the current driven through the Helmholtz coil. Figure 5.5
displays currents that have been measured by these monitors. The magnetic field at the
center of the chamber will follow from the Helmholtz formula, modified to account for

the 1:2 ratio of coil radius to distance between coils.

3
B= (L) sl
2) R (5.2)

Here, 1 is the current flowing through the Helmholtz coil, n is the number of turns in one
coil (n=45 in the present design), and R is the radius of a coil (R=3/4”, the radius of a
branch of the five-way cross).

To measure the actual magnetic field created inside the chamber by the Helmholtz
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coil, a 1/4” diameter magnetic pickup coil is inserted into the portable device with the

chamber at atmospheric pressure, and the voltage induced in this pickup coil is recorded
when the Helmholtz coil is energized. Faraday’s law describes the expected relationship

between this induced voltage and the magnetic flux produced by the Helmholtz coil.

v:_@,qbszB-dA

dt (5.3)
dB
V=—NA 2
dt (5.4)
1
B=——-[Vdt
NA f (5.5)

where A is the cross-sectional area of one turn of the pickup coil and N is the number of
turns (N=10 for the pickup coil used in the present experiment). For a sufficiently small
pickup coil area, B should not vary significantly as a function of position, so the magni-
tude of B in these equations may be considered the average magnetic field strength. As
both N and A of the pickup coil are known quantities, the average magnetic field strength
at the center of the portable device can be calculated from a measurement of V.

Figure 5.6 displays the voltage induced in the pickup coil when the Helmholtz
coil is pulsed. The data shown has been produced with the capacitor bank that provides
current to the Helmholtz coil charged to 40 V, its maximum setting in the present ex-
perimental configuration. After integrating the induced voltage as a function of time and
dividing the result by -NA, the peak magnetic field B passing through the pickup coil is
found to be approximately 400 Gauss. By comparison, the field predicted by Equation
5.2, the modified Helmholtz formula, is ~250 Gauss, within a factor of unity of the mea-
sured field. The discrepancy between the two values is most likely due to imperfections in
coil shapes and small errors in coil area estimates.

For the measured plasma current I =130 A and magnetic field 400 Gauss, the a
parameter is estimated to be 0~3.5 m™!, assuming the magnetic field to be uniform over
the cross-sectional area of one branch of the portable device. This a is roughly a factor

of 20 less than that typically found in the coplanar spheromak, due primarily to the much
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Figure 5.5. (Top) Current flowing through the capacitor bank connected to the portable
plasma device electrodes. (Bottom) Current flowing through the Helmholtz coil circuit.
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Figure 5.6. (Top) Voltage induced in the pickup coil by the magnetic field produced by
the Helmholtz coil. (Bottom) Magnetic field calculated from the induced voltage.
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smaller plasma current used in the portable device. As a reminder, a has physical mean-

ing only when the plasma may be assumed to be in a force-free state, which has not been

established for plasmas produced in the portable device.

5.3.3 Imacon Photography

In the first assembled version of the portable plasma device, before the second
2.75” ceramic break was added, a bright flash of light could be observed inside the
chamber when the breakdown capacitor was discharged, but it was unclear whether this
light was the result of plasma formation between electrodes or the result of arcing from
one electrode to the vessel wall, which at that time was held at the same potential as one
of the electrodes. Images recorded by the Imacon 200 camera can provide information
regarding where breakdown is occurring.

As shown in Figure 5.7, a bright flash is seen at the edge of the device window,
but not in the center, when only one ceramic break is used. This is not entirely unex-
pected, as the 2 cm distance between electrode tips is roughly the same as that between
the electrode and the chamber wall. With the second ceramic break attached, isolating the
central five-way cross from the electrodes, a narrow region of intense emission is seen be-
tween the electrode tips, as displayed in Figure 5.8. This observation suggests that plasma

is present in the center of the device, where the laser will be directed in LIF experiments.

5.3.4 LIF Signal Detection

The photomultiplier from the spheromak experiments is used to collect emitted
light from argon plasmas produced by the portable device and to monitor for the presence
of an LIF signal. The compact size of the portable device makes it possible to situate the
photomultiplier arbitrarily close to the 2.75” viewport; in practice, a separation of a few
centimeters is maintained for safety, to prevent the metal casing of the photomultiplier

from accidentally coming into contact with the plasma device.
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Figure 5.7. Imacon photography of plasma breakdown in the portable device when only
one ceramic break is used. Plasma emission is seen at the edges of the window, but not in
the center of the device.
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Figure 5.8. Imacon photography of plasma breakdown in the portable device when two
ceramic breaks are used, along with the 1/8” diameter electrode tips. Intense plasma
emission is seen in the center of the device, where the laser will pass during LIF experi-
ments.
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The photomultiplier detects an appreciable signal of spontaneous emission at

460.96 nm when the portable device is operated with typical experimental parameters

of 40 V on the Helmbholtz coil power supply and 1.6 kV on the breakdown capacitor
connected across the device electrodes. The probing laser is directed through the two
windows of the portable device that are perpendicular to the window through which the
photomultiplier views the plasma. The appropriate time delay between plasma formation
and laser firing has been identified empirically; the photodiode used for this same pur-
pose in the spheromak experiment is placed just outside the window through which the
laser exits the portable device. Appropriate adjustments are then made to synchronize the
laser’s transit through the chamber with a desired time during the plasma discharge.

The wavelength of the dye laser is first tuned to 611.49 nm, the natural resonant
wavelength of the Ar Il transition of interest. No induced fluorescence is observed from
the plasma at this setting, and the experiment proceeds with the laser wavelength changed
in 3 pm increments. However, even at wavelengths up to +100 pm away from the central
611.49 nm, no LIF signal can be seen. Subsequent experiments using different values for
experimental timing and voltages, as well as experiments performed with the dye laser

operating in a broadband LIF mode, have failed to produce a detectable LIF signal.

5.4 Discussion

The portable plasma device was assembled for the purpose of providing a mo-
bile plasma source that could assess the functionality of the optical fiber used for LIF
experiments. Unfortunately, no induced fluorescence has yet been seen in Ar II plasmas
produced in the device. If a signal is present, it may be at too weak of a signal level to be
detected above the noise level present in the photomultiplier. One possible explanation
for a weak signal would be a lack of sufficient target plasma ions present in the device.
A rough estimate of particle density prior to breakdown can be provided by the ideal gas

law, PV=nRT, as argon gas is being used. The pressure P has been set at 500 mTorr, while
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the internal volume of the portable device is approximately 410 m=. At room tempera-

ture, these values suggest that n=10° mol=6+10'® gas molecules are present in the device.
Thus, the particle density is ~10* m?, close to ion densities found in the spheromak
experiment. Nevertheless, the number of particles present in the narrow region where
plasma emission is observed in the photographs in Figure 5.9 might still be insufficient to
produce a detectable LIF signal. In addition, if the ion temperature is low, emission line
broadening due to Doppler considerations may also be negligible, such that the ion distri-
bution function has an extremely narrow line width.

Nevertheless, the fact that the first generation portable device has produced Ar 11
plasmas that spontaneously emit at the desired 460.96 nm wavelength suggests that gen-
erating plasmas from which LIF signals can be detected may only be a matter of scaling
up the device parameters. The pd product presently used in the device is approximately
1 Torr-cm, close to the minimum of the Paschen curve. A tenfold increase in pressure
should increase the number of ions present in the plasma while still leaving the voltage
V.. required for breakdown well within the capabilities of the discharge capacitor bank.
Of course, in any future enhancement of the portable device, it would be important to
maintain the device’s portability, recalling its primary purpose of providing a means to

assess LIF equipment used in various locations.
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Chapter 6
Summary and Discussion

6.1 Introduction

This chapter summarizes the experimental results that have been obtained in laser
induced fluorescence experiments performed on plasmas produced in the Caltech coaxial
and coplanar spheromak devices. Some of the remaining obstacles that serve to limit the
usefulness of the LIF diagnostic as applied to these devices are discussed, including sug-
gestions for how these problems might best be addressed. Recommendations for future

expansion of this course of investigation are also proposed.

6.2 Experimental Results

The ordinarily separate fields of spheromak research and laser induced fluores-
cence have been combined successfully in the investigations described in this thesis.
While most previous spheromak experiments have focused on the study of hydrogen
plasmas, the nature of laser induced fluorescence necessitated that the present work fol-
low a different path. Argon plasmas have been produced in a spheromak confinement
configuration, with the observed evolution of plasma topology consistent with the expect-
ed relaxation to a minimum energy Taylor state. Laser induced fluorescence signals have
been observed in these argon spheromak plasmas, and the ion parameters calculated from
these measurements are in reasonable agreement with estimates obtained from additional

independent diagnostics.

6.3 Challenges
Arguably the most limiting characteristic of the present implementation of the
LIF diagnostic technique is the slow rate at which experiments can be performed and

data collected. LIF experiments performed at Caltech on the Encore tokamak enjoyed the
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advantage of producing 15 plasma discharges per second for study (Sanders 1998, among

others). In comparison, the average time between plasma discharges in both the coaxial
and coplanar spheromak experiments is on the order of one minute. Any method that can
increase data throughput will improve an LIF experiment by reducing the statistical noise
observed for a given set of observations and by permitting the inclusion of measure-
ments performed under a variety of experimental conditions, rather than just a select few.
Changing the rate at which plasma discharges are generated in the present spheromak
experiment is impractical; a limit on the firing rate is imposed by the time required for
recharging of the stuffing flux and gas valve capacitor banks, and as such the experiment
itself cannot be performed at an appreciably faster rate.

However, there are ways in which more LIF data might be obtained for each
individual plasma discharge. Probing the spheromak plasmas with a CW laser, rather than
one operating on a pulsed power supply, should greatly expedite the measurement of ion
parameters as a function of time into the plasma discharge. For a pulsed laser to probe
the ~25 pus duration of an argon plasma produced by the coplanar device in 0.5 pus steps,
a total of 50 sets of data comparable to one of those presented in this thesis would be re-
quired. With all experimental apparatus functioning normally, such an undertaking would
require several months, during which time experimental conditions would need to be kept
as constant as possible. By contrast, the use of a CW laser would allow for the same set
of measurements to be performed in just two experimental runs, one with the laser turned
on and one with the laser off to provide the background spontaneous light emission level.

Another possible means for increasing data throughput would be to have multiple
intersections of the laser beam and plasma during an individual plasma discharge. This
procedure has been attempted on plasmas produced in the coplanar spheromak device,
using optics mounted outside the vacuum chamber to refocus and redirect the laser beam
back to the plasma, as shown in Figure 6.1. The laser first intersects the plasma with the

beam perpendicular to the axis of the spheromak, in the same manner as in the experi-
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Figure 6.1. Experimental configuration to produce two LIF signals per plasma discharge
in the coplanar spheromak experiment. The laser first intersects the plasma with the beam
traveling perpendicular to the spheromak axis. After the beam exits the vacuum chamber
through a viewport, it is redirected by a series of mirrors back into the chamber to inter-
cept the plasma again, this time with the beam nearly parallel to the spheromak axis.
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ments detailed in Section 4.4. After this first intersection, the laser exits the vacuum

chamber via a window on the opposite side of the chamber. A series of mirrors then redi-
rects the beam to reenter the vacuum chamber along the same path used for the on-axis
LIF measurements described in Section 4.5. The laser travels ~9 m between the two inter-
sections with the plasma; the ~30 ns required for light to traverse this distance is in fact a
necessary delay, so that the two LIF signals (each of which is expected to last ~20-30 ns)
may be distinguished by the photomultiplier. Unfortunately, only one LIF peak has been
observed in this experimental configuration to date; this signal is believed to be induced
fluorescence associated with the first pass of the laser, based upon the time at which the
peak is observed. A second peak may be present but at a diminished level that cannot be
detected above the ~10 mV noise level recorded by the photomultiplier. Such a dimin-
ished signal amplitude might be caused by the depletion of target ions in the region of
interest after the first laser pass or by decreased laser energy due to beam divergence over
the longer path traveled in the second laser pass. However, in time it should be possible
to develop a multiple beam pass configuration that detects multiple LIF signals and thus

increases the rate of data collection.

6.4 Suggestions for Future Work

6.4.1 LIF Optical Probe

The present work has only studied plasmas that have propagated a considerable
distance from the spheromak device electrodes. As a result, significant changes in plasma
morphology—including the merger of the spider legs to form the central column in the
coplanar experiment—have already occurred by the time LIF measurements are made.
This limitation is unavoidable so long as the laser and photomultiplier are located outside
the vacuum chamber and forced to interact with the plasma through one of the available

fixed-position viewports.
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Palmer, Gekelman, and Vincena (2005) have assembled a probe that allows for

the laser and emitted light viewing optics to be placed inside the vacuum chamber and
arbitrarily close to the region of plasma to be studied, reducing the amount of background
spontaneous emission through which an LIF signal must otherwise be viewed. An opti-
cal fiber within the body of the probe directs the laser into the plasma, while another fiber
transmits emitted fluorescent light back to the photodetection system. The use of such a
probe in Caltech spheromak experiments should enable the study of specific locations of
interest with the spheromak plasma, including areas close to the gun electrodes, as well as

provide the benefit of reducing the amount of background fluorescent light collected.

6.4.2 LIF Experiments on Plasmas Composed of Mixtures of Gases

Plasmas composed of a mixture of gases have been generated in the coplanar
spheromak device by You, Yun, and Bellan (2005). In these experiments, neon gas is in-
jected through the 1/4” apertures on the anode, while nitrogen enters through the cathode.
Plasma breakdown and evolution is observed to follow the same sequence of events as
described in Section 4.2. Imacon camera photography allows for differentiation of the
two gases within the plasma flow via the use of narrow bandwidth line filters centered on
wavelengths found in the emission spectrum of nitrogen.

The You experiment suggests a possible means for applying the LIF diagnostic
technique to the study of ionized hydrogen plasmas, not possible under normal circum-
stances as LIF requires the presence of at least one electron in an orbital associated with
the plasma ion. If a plasma composed of a mixture of hydrogen and another gas can be
formed, LIF could be used to calculate estimates of the ion parameters of the second gas.
If the two species may be assumed to be confluent, then the ion parameters of hydrogen
should be approximately the same as those of the other gas. The validity of this assump-
tion will be highly dependent upon the choice of the second gas species, which should

have a molecular mass as close to that of hydrogen as possible. Helium is the obvious
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choice, and one for which numerous LIF transition schemes are known, although other

light gases may also yield meaningful results.

6.5 Concluding Thoughts

As the use of plasma-based technology becomes more ubiquitous in the modern
world—whether in semiconductor manufacturing, spacecraft propulsion, home electron-
ics, or perhaps one day electrical power produced via nuclear fusion—it will always be
necessary to have a reliable set of tools with which any given plasma may be measured.
The present work has only begun to apply the versatile tool of laser induced fluorescence
to the study of spheromak plasmas, and there should be no doubt that future study will
reap the rewards of an even greater understanding of this simple yet promising confine-

ment concept.
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