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AN EXPERIMENTAL INVESTICATION OF SOLID HYDROGEN PELLET
ABLATION IN HIGH TEMPERATURE PLASMAS USING HOLOGRAPHIC
INTERFEROMETRY AND OTHER DIAGHNOSTICS

by
CLARENCE EARL THOMAS, JR.

Submitted to the Department of Nuclear Engineering
on August 7, 1980, io partial fulfillment of the
requivements of the degree of Doctor of Philosophy

in Applied Plasma Physics
AB3STRACT

The technology currently most favored for the refueling of fusion
reactors is the high-velocity injection of solid hydrogen pellets.
Desigo details ave presented for a holographic interferometer/shadow-
graph used to study the microscopic chavacteristics of a solid hydrogen
pellet ablating in a vl-keV plasma. Experimental data are preasented for
two gets of experiments in which the interferometer/shadowgraph was used
to study vl-mm-diam solid hydrogen pellets injected into the Impurity
Study Experiment (I5%-B) tokamak at Qak Ridge National Laboratory
(ORNL) at velocitiss of 1000 m/s. In addition to the use of the holo-
graphic interfercometer, the pellet ablation process is diagnosed by
studying the emission of Balmer-azlpha photons and by using the available
tokamak diagnostics (Thomson scattering, microwave/far-infraved inter—
fervometer, pyroelectric radiometer, hard z-vay detector). Shielding of
the pellet from high-energy plasma particles is determined to be greater
than predicted by neutral shielding models. It is found that the material
ablated from the pellet is significantly ionized even very close to the
pellet (fractional ionization ~20%) at high ablation rates; further, it
is shown that the flow of ablated material is impeded perpendicular to
the magneiic field. The conclusion is that the chserved enhanced shield-
ing is due to the interaction of the ablated material with the magunetic
field. Finally, the work presented here, together with the theoretical
work of others om transport processes, indicates that pellet velocities
of the order of those already achieved (1-2 km/s) will be sufficient for
fusion reactor refueling.

Thesis Supervisor: Professor P. A. Tolitzer

Title: Associate Professor of Nuclear HEngineering
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Chapter 1

Introduction

The technology that is the leading candidate for the refueling of a
fusion reactor is the high-velocity injection of solid hydrogen pellets.
Until recently very little experimental data on pellet refueling existed.
The first injection of solid hydrogen pellets into a plasma was performed
on the Puffatron device at RISO in 1974.l Pellets V250 uym in diameter
were injected at a velocity of 10 m/s into a rotating Ex3B plasma with
an ion temperature of ~400 eV. The Ex3B discharge lasted ~5 ps. 1In
1975 and 1976 pellets 100 and 200 pm in diameter were injected at a
velocity of 100 m/s into the Oak Ridge Tokamak (ORMAK) at Oak Ridge
National Laboratory (ORNL).2 The pellets barely penetrated the surface
of the discharge, and no detectable fueling was achieved. 1In 1977
pellets were dropped into the Pulsator experiment at Garching,3 and the
discharge was Iinitiated around the pellet. 1In 1978 the first detectable
fueling of an established tokamak discharge was achieved at ORNL.4
Pelletg ~600 um in diameter were injected into an established discharge
at a velocity of 350 m/s. A fueling effect of ~30% was achieved with a
stable discharge.

Experimental studies of pellet fueling are important to the fusion
program. Before pellet fueling can be successfully used on a reactor

or long-pulse experimental device, the physical processes involved must



be well understood. Theoretical scaling laws for the required
fueling rate, pellet velocity, and fueling profile must be experi-
mentally validated, or experimental scaling laws must be developed.
The effects of pellet fueling on plasma confinement, transport, and
profiles must be experimentally explored. Intertwined with the necessity
of experimental understanding is the requirement of developing appropriate
technology for the production of solid hydrogen pellets at the correct
frequency, size, and velocity. The ranges of required injection frequency,
pellet size, and pellet velocity must be known in order to determine whether
refinements of existing technology are adequate or whether new technology
must be developed. At the same time, suitable devices must be made
available for experimental work.

The problem of reactor refueling with pellets can be divided
into two parts, the ablation of the pellet by energetic plasma particles
and the response of the plasma to the addition of cold fuel. The work
to be reported here is a microscopic and macroscopic experimental study
of the ablation (or evaporation) of the pellet. For these studies
pellets 1 mm in diameter were injected into the Impurity Study Experi-
ment (ISX-B) tokamak at a velocity of 1000 m/s. An examination of the
plasma response was also made for this same set of experiments and is
reported separately.5 The microscopic part of the ablation studies
consists of examining the pellet and its immediate environ while it

is ablating using holographic interferometyy and shadowgraphy. The



details of these techniques will be discussed in Chaps. 2 and 4, but
basically they measure the electron density around the pellet and the
remaining area of high~density neutral hydrogen. Holographic interfero-
metry was first used to study plasma-pellet interaction by McKinstry,
who studied the ablation of polystyrene pellets in a z-pinch discharge.
No extensive review of previous experimenf:al and theoretical work
will be given. Other workers have recently done thorough reviews of

»8 o

pellet fueling. The experimental apparatus used will be described in
Chap. 2. The applicable aspects of theory will be discussed in Chap. 3.
Chapter &4 presents the basic experimental results, and the data is

analyzed in Chap. 5. Conclusions, a summatry, and recommendations for

further work will be given in Chap. 6.
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Chapter 2

Experimental Apparatus
2.1 The ISX-B Tokamak and Its Diagnostics

ISX~B is a very flexible and moderate-sized tokamak with moderate
magnetic fields.l Its nominal major radius is 0.93 m, and the minor
radius is 0.27 m. The maximum design toroidal magnetic field on axis is
1.8 T produced by 18 rectangular coils. The ohmic heating current of up
to 200 kA is produced by an iron core transformer. The plasma position
is feedback controlled both vertically and horizontally, and there is a
shaping coil system to produce noncircular plasmas, but all experiments
described here are with nearly cireular cross section (b/a = 1.2). The
nominal pulse length is 250 ms or less at high plasma currents. Plasma
parameters for the experiment will be discussed in Chap. 4. Figure 2.1
is a schematic of the tokamak and its diagnostics.

ISX-B is equipped with standard tokamak diagnostics. A Rogowski
coil measures plasma current, and a 2-mm horizontal and vertical micro-
wave system measures line-integrated electron densities. A far-infrared
(FIR) laser gsystem was used during some of the pellet»experiments to
measure line-integrated electron density.2 A four-pulse ruby laser
Thomson scattering system gives time and space-resolved electron temp-
erature and relative electron density. There is a pyroelectric radio-

meter system for measuring power loss from the plasma to the walls and
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an infrared camera for measuring energy to the limiters. A PIN diode
soft x-ray detector measures the line integral of soft x-ray emission
along a vertical central chord, and there are magnetic probes wound to
detect variations in the poloidal magnetic field for MHD studies. A
hard x-ray monitor looks at high-energy = rays caused by runaway elec-
trons impacting the limiters or wvacuum vessel. A charge exchange analyzer
measures ion temperature.

In addition to the ahove, a pyroelectric radiometer was installed
in the same sector as the pellet injector to study leocal power loss Lo

the walls due to pellet injection.

2.2 The Pellet Injector

Reference 3 is a complete discussion of the pneumatic pellet
injector used for these experiments on ISX~B. Only a brief description
of the injector will be given here.

The injector produces nominal l-mm~diam by l.l-mm-long cylindrical
hydrogen pellets. Liquid helium is used to freeze the solid hydrogeon
pellet in a hole in a rotating disk. The disk is then rotated in-line
with a gun barrel, and a fast solencid valve applies high-pressure
helium gas to fire the pellet. When the appavatus is working well, the
pellet velocity is 970 m/s with a standard deviation of 60 m/s at a

helium gas pressure of 24 atm.



Between the pellet injector and the tokamak is a drift string
consisting of two fast solenoid valves and a differentially pumped
section. The fast valves are opened momentarily when the injector is
fired. This drift line serves to isolate the tokamak from the helium
gas propellant used to accelerate the pellet. Also located on the drift
line are twe lamp, lens, and photodiode assemblies used to detect the
pellet in flight. When the pellet breaks the light beams to the photo-
diodes, voltage pulses are produced that trigger a digital velocimeter/
diagnostic timer. The velocimeter/timer will be discussed later.

Figure 2.2 is a schematic of the pellet injector and drift line on the

tokamak.

2.3 The Holographic Interferometer

2.3.1 Brief review of holographic interferometry

Holography was invented in 1948 by Ga‘bor.!+ With extraordinary
insight Gabor realized that it was possible to record not only the
amplitude but also the phase of a coherent wave (hence holography, for
"the whole thing') by beating the wave of interest against a coherent
reference wave and recording the resulting amplitude. Gabor also found
that the original wavefront could be reconstructed. Holography languished
after Gabor's initial work until the development of highly coherent
light sources (lasevs). In 1962 Leith and Upatniekss’6 developed a

variant of Gabor's technique using laser beams. This method, known as
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"sideband" holography, is the basic technique used in constructing
holographic interferograms. TFor an excellent (if highly mathematical)
introduction to holography, see the works by Leith and Upatnieks ref~
erenced above and the book by Develis and Reynolds.7

Holographic interferomefry was invented at TRW in 19658 and per-
fected as a plasma diagnostic at lLos Alamos Scientific Laboratory
(LASL).9 Figure 2.3 is a schematic of a simple holographic system. To
form the holegraphic interferogram the photographic plate is exposed
twice (two holograms are formed on the same photographic plate). The
first hologram is formed with no object present. Then the second holo-
gram is formed by exposiug the photographic plate again with an object
in the object beam path. The mirror is tilted slightly between the two
exposures. When the hologram is replayed, both object waves are recreated.
The object wave from the first hologram will be a plane wave, bur the
object wave from the second hologram will differ from the first by the
optical path length of whatever object was inserted. The two waves will
thus interfere with each other, and their interference fringes will
represent the optical path length of the object. Tilting the mirror
between exposures produces linear background fringes, which make it
possible to measure fractional fringe shifts. For a thorough introduc-
tion to holographic interferometry, see the works by Heflinger, Wuerker,

9,10

1
and Brooks,8 Jahoda et al., and Vest.l
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2.3.2 Design considerations for holographic jnterferometry

As discussed by Jahoda and Siemon,10 the most important element in
producing high-quality interferograms is the laser. The laser should
have both high spatial and high temporal coherence. If the laser beam
is not spatially and temporally coherent to a great degree, then it will
interfere with itself in an unpredictable manaer, resulting in poor
quality (or even undecipherable) interferograms. The laser used will be
described later.

The temporal and spatial resolutions of the system are important.
The time resolution is limited by the pulse width of the laser, which
should be much shorter than the time scale of the event being studied.
Spatial resolution 1s affected by four factors:

1) fdilm resolution,

2) diffraction limitation,

3) lens aberrations, and

4) object velocity.

Develis and Reynold57 show that the film resolution limits the obiject
regolution to

a

o
= " / | —_ e 1 g /i 2 .
RLobj L.64(8, ) lines/u, (2.1)
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where

g. = resolution limit of film (lines/m),
o = angle of incidence of reference beam (radians), and

A = wavelength of laser used to form hologram (m).
For Agfa Gaevert 10E75 plates that resolve 3 x 106 lines/m, Eq. (2.1)
has the implication that the hologram is ~2 m in extent. For holograms
smaller than this, the diffraction spot size gives the ultimate theore-

. . . N
tical limit on the object resolution:

d ,
RLObj v (T.EZ:)”;\—E (11n<,.s/m) R (2.2)

where A is as above,

z = distance from object plane or imaging lens to hologram

plane, and

d = gsmaller of diameter of imaging lens system or hologram.
For z = 3 m, d = 0.08 m, and XA = 0.7 x 10'6 m (parameters typical of
this experiment), the diffraction-limited object resolution is ~7 x
104 lines/m or ~15 um. In practice the interferometer resolution will
almost always be limited by either lens aberrations or object velocity.
The object velocity is important because if the optical path length
through any portion of the object changes more than A/8 during the
exposure, the interferogram will be washed out in this area,lo For an
object traveling at 1 km/s perpendicular to the interferometer and a 50-
ng laser pulse, this implies that the gradient of the optical path

length must be less than ~600 m/m.
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Vibration must be considered when desigding the interferometer for
the same reason that object wotion must be considered. If any optical
component moves wore than A/8 during the laser pulse, the hologram will
be washed out. When using a short-pulse (50-ns) laser, this is not
important. The author clamped a vacuum pump to his optical bench, with
an unpalanced weight attached to the pump pulley. This caused the
optical components to have a vibration amplitude of ~2 mm at 400 Hz,
which had no effect on the quality of the holograms produced. For an
object to move /8 in 50 ns () = 0.7 x lO~6 m), it must have a velocity
of V2 m/s. For a vibration amplitude of 2 mm this would imply a fre-
quency of 1 kHz. If the system is designed with any mass at all, it is
very difficult to spoil the hologram.

Refraction of the laser beam by the object is of concern. The
object fringes can be displaced from their true position by object
refraction. This can be corrected by imaging the object on the hologram
plane with a lens.lo If the lens is perfectly focussed, then refraction
error is zero. In the experiments under discusgion, it would be impossi~
ble to achieve perfect focussing with a fixed lens. This is because
there was some jitter in the pellet trajectory (ZO + al.3 em) and because
with a plasma present the pellet's trajectory curved downward (more of
this later). 1In any event, refractive errors can still be corrected.
Because the hologram recreates the original object wave, it 1s possible

to refocus the object wave when replaying the hologram, thereby eliminating
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refractive errors. This is a tremendous advantage of the holographic

interferogram over other forms of interferometry.

2.3.3 Laser system design

Because there are a number of manufacturers of ruby laser systems
and ruby laser components, design consisted of assembling a set of
components capable of producing the desired system performance. What
performance was desired? As previously discussed, high spatial and
temporal coherence is necessgary. In this case, "high" means that the
laser beam should have only TEMOO transverse mode structure and that it
should have a line width of less than 0.05 2 (which corresponds to a
coherence length of LC = A2/AA = 0.10 m). Tt was necessary that the
laser pulse timing have a jitter <1 us to provide temporal resolution
and that the pulse length be <50 ns to eliminate the effects of object
velocity and system vibration. Further, the laser had to produce a
minimum energy of 50 mJ to expose the photographic plate and had to be
capable of two pulses in six minutes. Figure 2.4 is a schematic of the
laser system.

The laser system operation will be briefly described. All that is
necessary to make a simple ruby laser is a ruby rod, flashlamp, 100%
rear reflector, and partially reflecting output reflector. The flash-

lamp pumps the chromium atoms in the ruby crystal to the 4F and 4F

1 2

levels. These then decay to the laser level, which decays to the 2E
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level.lz This is the laser transition. If the mirrors are aligned
parallel to the ruby rod and the flashlamp is pumped hard enough to
achieve population inversion in the ruby rod, then the laser oscillates.
Because the gain coefficient for a ruby crystal is much higher along one
axis than along the other, the output of a ruby laser is naturally
polarized. This natural polarization allows the laser output to be a
single giant pulse. To achieve this an optically active crystal and
pelarization elements are inserted into the laser cavity. When high
voltage is applied to the optically active crystal (Pockel's cell), it
rotates the plane of polarization of light passing through it. The
Brewster angle stacks are aligned to pass the high-gain polarization of
the ruby rod, but the return radiation from the rear cavity reflector
has had its plane of polarization rotated by the Pockel's cell. The
Brewster angle stacks then reflect this radiation. The gain of the
cavity 1s very low. In analogy to electronics one says that it has low
Q. If the voltage on the Pockel's cell is now rapidly brought to zero,
the return radiation from the rear cavity reflector has its original
polarization and is not reflected by the Brewster stacks. The cavity is
suddenly a high~gain cavity (high Q). If sufficient population inver-
sion has been achieved before the Q-switch, the laser oscillation will
build up very rapidly, and the laser energy will be released as a single
giant {(Q-switched) pulse. This is known as pulse-off Q-switching because
the high voltage is suddenly brought to ground. ¥or a better discussion

of lasers, ruby lasers, and Q-switching, see Yariv.12
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The laser system components will now be described (see Fig. 2.4).
The rail for mounting the laser optical components was an aluminum I-
beam supplied by Korad. The mount for the rear reflector itself was
also supplied by Korad, and the rear reflector was supplied by CVI Laser
Corporation. The Pockel's cell and Brewster stacks were from Apollo
Lasers, and the laser head and ruby rod were supplied by Korad. The
ruby rod was a special select holographic quality rod, 4-in. long by
3/8-in. diameter. The 1.7-mm internal cavity pinhole, purchased from
Korad, was a movable aperture (micrometer adjustment) to limit the
transverse mode content of the laser cavity and to select the best
portion of the rod (best being the portion giving the most uniform
transverse mode structure). The temperature-tuned four-plate sapphire
output etalon, supplied by Korad, was used to give the laser good temp-
oral coherence (long coherence length). The cavity length of the etalon
(and therefore the allowed longitudinal laser mode) was varied by changing
the temperature of the cooling water that flowed through the etalon. An
Apollo power supply and Q-switching electronics (formerly used for
Thomson scattering) were used to drive the Pockel's cell and laser head
xenon flashlamp. The water circulator/temperature regulator was supplied
by Korad. It cooled the laser head between pulses and regulated the
temperature of the output etalon. Water temperature was maintained
within +0.5°C.

The laser system performed reliably. With the internal 1.7-mmn

pinhole, four-plate sapphire output etalon, and flashlamp power supply
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100 V above threshold for laser operation, a 50-ns full width at half
maximum (FWHM) Q-switch laser pulse was produced with a nominal energy
of 40 mJ. The scatter in the energy was +107 (any given day). The
pulse width was measured using a United Detector Technology PIN-6LG
photodiode and the circuit of Fig. 2.5. The laser energy was measured
with a Control Data Corporatiou thermopile and a Hewlett-Packard micro-
voltmeter.

The coherence length of the laser was experimentally found to be
>70 cm because clear bright interferograms were made with path differences
greater than this.

Figure 2.6 is an example of the typical far-field pattern of the
laser. Clearly it is not a simple TEMOO mode pattern. In spite of
this, bright clear interferograms were achieved with no broken, split,

or wavy fringes.
[or]

2.3.4 Optical system design

Figure 2.7 is a schematic of the cptical system for the interfero-
meter. TListed below are the component symbols and a description of

each:

He-Ne = 2-mW polarized helium neon laser used for alignment
(Oriel Corporation),

RLS = ruby laser system as previously discussed,
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Fig, 2.6 Far-field pattern of ruby laser.
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ill

autocollimator on kinmematic rotating mount for laser aligument

(Newport Research Corporation),

3

lagser pulse detector previously discussed,

= 50/50 dielectric beam splitter (CVI Laser Corporation),

BEX % 50-to-~1 beam expander (Melles Griot),

ML

=
[N

L2
M3,

F2

HPH

S1

Z 4-in. by 5-in. aluminum first-surface mirror with corners

chopped and mounted on sliding mount (mirror from Edmunds),

144

same as ML,

achromatic doublet lens with 1185-mm focal length (Melles Griot),
Z 165-mm focal length lens (Edmunds),

M4 = 99% reflectivity dielectric mirvors (Newport Research),

[kl

9
= 100 A FWHM ruby laser line filter (Malles Griot),
: 50/50 dielectric beam splitter (CVI Laser Corporation),

= holographic plate bholder (Linhoff),

[T

2-nm slit (Oriel),

M5-M11 = 99.8% reflectivity dielectric mirrors (Newport Research),

Fl

L3

ES

PFH

PD1

= peutral density filter (Kodak wratten gelatin),

~70-mm focal length lens (Edmunds),

= plectronic shutter (Uniblitz),

=z polarcid film holder, and

, PD2 = photodiodes for detecting the hydrogen pellet in flight

(UDT PIN-10).
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The funcrion of the optical system will be discussed briefly. The
lle~-Ne laser was used to align the entire optical system. It was mounted
on a two-ring holder on a vertical and transverse translator. The ruby
lasetr wasg mounted on a three-poiant mount on vertical and tramnsverse
translators. After the optical system was aligned on the He-Ne laser,
the ruby laser was aligned with the He-~-Ne laser. Final adjustment for
parallelism of all optical surfaces in the ruby laser cavity was made
with a kinematically mounted autocollimator that could be swung in-line
with the ruby laser. The beam splitter following the autocollimator
split the laser beam into a "scene" and "reference'" beam. The scene
beam was immediately expanded to approximately 75 mm. The reference
beam was kept unexpanded until just before recombining it with the scene
beam. Mirrors ML and M2 were mounted on sliding mounts in booms ex~
tended below and above the tokamak. The sliding mounts were adjustable
so that it was possible to view all of the plasma from minor radius v =
22 c¢cm to r = -7.5 em. Lenses L1 and L2 imaged the centerline of the
plasma on the holographic plate and polaroid film. The focal lengths of
the lenses and their separation were chosen so that an image magnifica~
tion of one was maintained. With the system set up as shown the distance
from the plasma ceonterline to L1 was 3.556 m with an estimated maximum
error of <*25 mm. The distance from L2 to Ll was 2.025 m with an esti-

mated maximum error of <2 mm. The distance from L2 to ihe holographic
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plate was 0.495 m with an estimated maximum error of <*1 mm. Whenever
the viewing path of the interferometer was changed the positions of lens
Ll and mirrors M3 and M4 were adjusted to keep all pa%h lengths as
described above. Filter L2 kept stray plasma light from exposing the
holographic plate. Beam splitter BS2 split off a portion of the scene
beam to form a shadowgraph of the pellet on polaroid film. The elec-
tronic shutter was closed during the reference shot for the interfero-
gram so that the polaroid f£ilm for the shadowgraph would not be exposed.
Mirrors M5, Mp, M7, M8, M9, MI0, and M1l were used for translating the
teference beam and path length equalization. The reference and scene
beam path lengths were equalized with an estimated maximum error of <25
mm. Lens L3 expanded the reference beam to approximately the same size
as the scene beam. Filter ¥l was used to adjust the intensity of the
reference beam so that it was approximately equal to the scene beam
intensity.

Light-tight covers were designed for the upper and lower optical
tables, and light-tight shrouds extended from the booms to the tokamak.
These light-tight covers prevented injury to imnocent bystanders from
the ruby laser pulse and also prevented the holographic plate and
polaroid film from being exposed by room light. All removable covers
were double electrically interlocked with the ruby laser power supply to

prevent the laser from being fired with a cover removed.
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The mount for mirror M1l was specially modified to allow tilting
between the reference and object shots for the interferogram (to provide
background fringes). An electrically heated wire, as described by

10

Jahoda and Siemon, was used to tilt the mirror. Figures 2.8 and 2.9

are photographs of the lower and upper optical table.

2.3.5 Stand and boomnm design

Figure 2.10 is a picture of the completely assembled interferometer
sitting in the high~bay area outside the TSX-B experiment. A temporary
box has been extended from the lower to the upper boom to protect passers-—
by from the laser. The pellet gun, which rides on the two rails between
the upper and lower optical tables, had not yet been installed when this
picture was taken. Figure 2.11 is a photograph of the complete interfero-
metey/pellet gun system installed on ISX-B.

In designing the stand and booms three objectives were kept in
mind.

1) The systewm should not vibrate excessively.

2) The system must contain the pellet injector and interfero

meter and fit in the space provided.

3) The system should not move under the influence of rapidly

varying magnetic fields.

To prevent excessive vibration the stand was designed to have mass

and to be rigid. The optical tables were l-in.-thick aluminum sheets,
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Fig. 2.8 Photograph of lower optical table looking at output

etalon of ruby laser.
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Fig. 2.9 Photograph of upper optical table (some components

not installed) looking from back of photographic plate holder.
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ORNL-Photo 6938-79

Fig. 2.10 Photograph of holographic interferometer assembled

but not installed on ISX-B.
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Fig. 2.11 Photograph of interferometer and pellet gun installed on ISX-B.
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and the legs and braces were constructed from 4-in. aluminum channel.
The structure wés cross—-braced in all directions, and a 0.5-in.-thick
aluminum plate was welded on each end to add rigidity in the transverse
direction.

The main concern with the booms was that they might react to the
rapidly varying magnetic fields. A test boom 5 ft long was constructed
of 4-in.—diam stainless pipe with a 1/16-in.-thick wall. The boom was
rigidly mounted at one end with the other end over the tokamak viewing
ports to be used for the experiment. A mirror was mounted on the end of
the boom. A He-Ne laser beam was bounced off a mirror on the end of the
boom onto a target mounted on the wall. The position of the laser beam
on the target was observed during several tokamak shots. There was no
observable motion. The booms were therefore constructed from 1/16-in.-
thick 316 stainless steel sheet spot-welded together. This provided
adequate rigidity and high enough resistivity so that the time-varying
magnetic fields caused no motion of the booms. So that motion of the
tokamak would not move the booms, the light shrouds extending from the
tokamak to the booms were designed so as not to actually touch the boom.

Great care was taken in designing the stand and booms so that
everything would fit together in the allotted space. More than 30
engineering drawings were produced. Fabrication of the stand, booms,
and light shrouds was done in the shops of the Y-12 plant of Union

Carbide Nuclear Division in Oak Ridge.
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2.3.6 Hologram replay system

Figure 2.12 is a schematic of the hologram replay system. TFigure
2.13 is a photograph of the author replaying a hologram. The hologram
replay system was very simple. A He-Ne laser was used as a source of
coherent light. Immediately after the beam left the laser, a 35-mm lens
expanded the beam into a spherically diverging wave. A mirror was used
to deflect the laser beam onto the developed hologram (the holograms
were developed and bleached as described by Jahoda and Siemonlo). The
hologram then diffracted the incident light into converging and diverg-
ing reconstructions, as indicated. The author found that using the con-
verging wave for replay provided superior reconstructions. The reason
for this is trivial — because the wave converges it is possible to get
more of the diffracted beam into the microscope input optics. The
microscope used for focussing the reconstructed image onto the polaroid
camera was supplied by Wilde~Heerbrugg. It was equipped with a five-
axis mount that allowed x-y-z translation and rotation about a vertical
and horizontal axis. This facilitated aligning the microscope with the
reconstructed wavefront.

Whenever a hologram was reconstructed, the microscope was carefully
focussed to eliminate all diffraction lines around the reconstructed
image. It was usually quite clear when the best focus was achieved

because obvious diffraction rings would be present on a poorly focussed
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Fig. 2.13 Photograph of author replaying hologram.
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interferogram of a pellet. After the best focus was found the distance
from the microscope input lens to the holographic (photographic) plate
was carefully measured to the nearest millimeter. This measurement
allowed the error in focussing and magnification (due to the downward
curvature of the pellet's trajectory) to be calculated. TIf the pellet
had been in the same horizontal plane on every shot, then the focal
distance from the microscope to the holographic plate would have been
the same for every shot. Polaroid pictures of the reconstructed image
were made at three different microscope magnifications (7.5 X, 15 X, or
31.2 X) and at multiple exposure lengths to achieve the most accurate
replay of each interferogram. Replay normally took about one hour per

interferogram.

2.3.7 Calculation of errors in interferogram magnification

Errors in magnification of the reconstructed interferogram are
introduced in two ways. The first source of error is the change in the
ratio of object-to-lens and lens~to-image distances due to imperfect
focussing of the object on the photographic plate. The second source of
error is due to replaying the hologram with a spherically diverging wave
and using a spherical wave for the reference beam in forming the holo-
gram. The error in magnification due to all of these sources goes to
zero if the object is perfectly focussed on the holographic plate (the
image plane of the lens corresponds to the plane of the photographic

plate).
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The first source of error examined will be that due to the change
in ratio of image-to-lens and object-to-lens distances.

Consider Figure 2.14. There is a lens system consisting of two
lenses that images an object (arrow at the object plane) onto an image
plane. There is more than one way to analyze this lens system, but one
simple way is to consider it as a relay lens system. Lens L1 with focal
length fl images the object at distance Rl onto an image plane at dis-
tance R4, Then lens L2 images the image at distance (R2 - R4) onto the

image plane at R3. The equations describing the system are

1 1 1

ﬁ-+ﬁ_ q (2.3)
1 11

®-®r TR3CE2° (2.4)
R4

Ml =21 and (2.5)

M R3 (2.6)

2" ®R2 - Rh) °
Equations (2.3) and (2.4) are the conditions necessary for focussing the
object on the image plane, and Eqs. (2.6) and (2.7) give the magni-
fication of lens L1 and lens L2. The magnification of the total lens
system is

M = (M1 . MZ)' 2.7)

Now suppose that the object was not exactly distance Rl from lens L1 but
was at distance (R1 + AR1) from lens L1. This would cause an error AR4

in the location of the image plane of lens L1 and an error AR3 in the
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location of the image plane of lens L2. The equations that describe the

lens system now are

(R1 +1AR1) T +1AR4) B %i" (2.8)
R2 - (Ri ¥ ARG T (B3 +1AR3) - %E" (2.9)
M{ = R ERT (2.10)
M) = %2 E3(‘I:4AE3AR4) , and (2.11)
M7 = (Mi . Mé). (2.12)
Ml and M2 are the new magnifications of lens L1 and L2, and M7 is now

the total magnification of the system. The above lens system is exactly
like the focussiang optics for the holographic interferometer (Fig. 2.7).
The interferometer optics focus the midplane of the tokamak on the
holographic plate. If the pellet is above or below the midplane, there
is a focussing error ARl, leading to an error AR3 in the focussing of

the interferogram on the photographic plate. As discussed above, AR3 is
measured when the hologram is replayed. Because AR3 is a known quantity,
Eqs. (2.8)-(2.11) are a system of four equations in four unknowns, AR1,

AR4, M7, Mé. Solving for the unknowns,

-1 R3
ARG = 1752 Z1/(R3 + BR3) ﬁ; ’ (2.13)

1
1/f1 - 1/(1 - M, ARL)

ARL = RL, (2.14)
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Mi = (1 + AR3/R3)/(1/M2 — AR4/AR3), and (2.15)
Mi = (M] + AR4/R1)/(1 + ARL/R1). (2.16)

Note that AR3, AR4, and ARl are sigoned quantities and that AR3 > 0
implies AR" > O implies ARL < O,

The second scurce of error in interferogram magnification will now
be analyzed. Consider Fig. 2.15. DeVelis and Reynolds7 show that using
spherical waves and recoonstructing the hologram with a different wave-
length than it was formed with changes the focussing condition and
magnification. If AR3 is the distance from the image plane to the
photographic plate while forming the hologram, RO is the radius of
curvature of the reference wave as it strikes the photographic plate, R5
is the radius of curvature of the replay wave as it strikes the devel-
oped hologram, 23 is the distance from the hologram to the recoustructed
image plane, and A1 and A2 are the wavelengths used for hologram foruma-
tion and hologram replay, then the focussing condition for the convergent

reconstructed wave is

TS TR T T ws ¢ O (2.17)
and the magoification of the system is

My = [1 - AR3/RO - AL » AR3/(A2 - RS)]'l. (2.18)
Solving Eq. (2.17) for AR3 gives

AR3 = L (2.19)

X1/(x2 - Z3) + 1/RO + A1/(x2 - RS)
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Equations (2.13)-(2.16), (2.18), and (2.19) are a complete description
of the known magnification and focussing ervors. Note that if the error
in focussing goes to zero, the system magnification returns to its
design value. The experimentally measurable guantity in the above
equations is Z3, the distance from the hologram to the image plane when
reconstructing the hologram. Given Z3, Eqs. (2.18) and (2.19) caa be
solved for AR3 and MB' Given AR3, Eqs. (2.13)-(2.10) are solved, and

the final system magnification is

Msys = M3 . M2 . Al. (2.20)

An example typical of the parameters of the interferometer system
p yi p y

will now be calculated. If Z3 is measured as 0.08 m and if

Al = 6943 A, A2 = 6328 A,
RO = 0.876 m, R5 = 1.245 w,
Rl = 3.556 m, R2 = 2.0252 m,

R3 = 0.4953 m,

Ml = 0.5, M2 = 2, and
f1 = 1.185 m, £2 = 0.165 m,

then using Eqs. (2.18) and (2.19) gives
AR3 = 0.0635 m,
M3 = 1.144,
Using the above result for AR3 in Eqs. (2.13)-(2.16) and (2.20) gives
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AR4 = 0.0135 m,
ARl = -0.056 m,
Mi = 0.5118,

Mé = 2.3865, aund

M = 1.397.
sys

A measured distaoce of 8 cm from the hologram to its image plane
indicates that the image is 1.397 times larger than the design magnifi-
cation and that the pellet was 5.6 cm above the lens focus (plasma
midplane).

2.3.8 Timing and firing — digital velocimeter and velocity-
dependent diagnostic timer

Timjiang was critical in this experiment. The laser had to be fired
when the pellet was in the field of view of the interferometer. However,
not only was it necessary to have the pellet in the field of view; it
was also necessary to have the pellel at a selected place in the field
of view within +5 mm. This would allow ioterferograms to be conveniently
made of the pellet at different spatial locations. The interferometer
field of view was approximately 75 mm; therefore, the above condition
was much more restrictive than just requiring the pellet to be in the
field of view. Because the jitter in the pellet velocity could be as
much as 300 m/s (although on a good day the standard deviation for the
velocity was 60 m/s), a velocity-dependent diagnostic timer was designed

and built.
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The principle of the diagnostic timer is quite simple. Consider
Fig. 2.16. Suppose that a digital up/down counter starts counting up
from zero when the pellet passes photodiode PD1 and counts up at fre-

quency F When the pellet passes photodiode PD2, the counter starts

1°

counting down at frequency ¥ The distance D2 that the pellet will be

9
from photodiode PD2 when the counter again reaches zero is given by

D2 = D1 « F /F,, (2.21)

where D1 is the distance between photodiodes PDl and PD2. 1In words, the
ratio of the distances D2/Dl is equal to the ratio of the frequencies

Fl/Fz. If F7 is a fixed frequency and ¥, is continuously variable, then

1
the distance D2 can be continuously varied by varying the frequency Fl.
Further, because F2 is a fixed frequency any desired diagnostic can be
pretriggered by comparing a desired time to the time in the counter.
When the counter time is less than or equal to the preset time the
comparator provides a trigger to the diagnostic. The comparator must be
inhibited from operation until after the signal from photodiode PDZ 1is
received.

Figure (2.17) is a block diagram of the electronics for the veloci-
meter/diagnostic timer. PD1 and PD2 are the photodiodes that produce a
signal when the pellet interrupts their light source. A voltage com-
parator/pulse generator follows the photodiodes. The signal from the

photodiodes is typically 30-300 mV and must be cleaned up and amplified

to be compatible with the rest of the velocimeter, which is all transis-—
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tor~transistor logic (TTL). The comparator/pulse generator is designed
to put out a TTL-compatible 5-V, 20-ms pulse when it receives a signal
voltage above its comparator threshold. The comparator threshold is
adjustable from 10-500 mV. The frequency generators Fl and F2 feed into
the frequency control logic. When a T, pulse is received (from PD1) the

1

frequency control logic uses F, for the clock pulse until a T2 pulse is

1
received (from PD2). After T, is received the frequency control logic
uses F2 for the clock pulse. The digital counter starts counting clock
pulses when signal Tl is received. When T2 is received the counter
reverses mode and starts counting down every time a clock pulse is
received. The counter changes state on the leading edge of each clock
pulse. On the trailing edge of each clock pulse the digital comparator
compares the number in its storage register (four-digit thumbwheel set)
with the number in the counter. If the number in the counter is less
than or equal to the number iIn the comparator and if both pulses Tl and

T2 have been received, then the comparator fires its trigger pulse to
whatever diagnostic is desired. There are four comparator boards and
therefore four possible triggers.

Pulses Tl and T2 are also used to start and stop a time-of-flight

counter, which uses a 1-MHz crystal oscillator to count the time of

flight, in us, between T. and T

1 2" This provides a measurement of the

pellet velocity on each shot.
For the experiment on ISX-B the distacce between PD1 and PD2 was
1.138 m + 1 mm and the distance from PD2 to the centerline of the torus

(nominal plasma center) was 2.425 m + 5 mm.
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The velocimeter performed quite well during the experiments. Fre-
quency F2 was set at 5 MHz, and frequency Fl was varied around 10 MHz to
achieve the desired timing. The measured maximum jitter in the pellet
position wag 15 mm, and the standard deviation of the jitter was 6 mm
for 20 vacuum shots (pellet fired into the torus with no plasma),
corresponding to a jitter in timing of ~6 us. The jitter inherent in
the system ig one clock pulse or 0.2 us. The difference between the
inherent jitter in the system and the observed jitter is attributed to
the nonuniform illumination of the photodiodes and the finite slit width

of the photodiodes, resulting in a jitter in T, and T2 of 2-3 us each.

1
The author would like to acknowledge the contribution to this
design of Dr. M. L. McKinstry, who suggested the basic principle for the

velocimeter/timer and helped with several of the circuits. Dr. Mc-
Kinstry was a graduate student with the author at M.I.T. at the time of

the velocimeter construction and now does research at the National

Bureau of Standards in Washington, D.C.

2.3.9 Experimental performance of the interferometer

Figure 2,18 shows a vacuum (no pellet or plasma in the torus)
interferogram replayed at three magnifications. As previously dis-
cussed, the background fringes are produced by tilting a mirror between

the two laser pulses that form the interferogram. The point of this
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figure is that the fringes are clear and bright and that there are no
broken, split, or irregular fringes. Noise is present on the fringes at
about the 0.l-fringe level. The alert reader will notice a small
systematic curvature of the fringes at the top of each photo. This is
not part of the interferogram but is attributed to the lems of the
polaroid camera affixed to the microscope used for replay. This curva-
ture is present on all of the interferograms presented in this work and
contributes a systematic error of 0.1 fringe at the upper portion of
the interferogram.

Although not shown, replay of the outer 5 mm of any interferogram
would reveal a large dirregularity and curvature of the fringes due to
lens error and diffraction. This portion of any interferogram was
unusable. The circular aperturing on the 7.5-X photograph is produced by
the microscope input optics and is not caused by the edge of the hologram.

Figure 2.19 is an interferogram of a metal target suspended on a
fine wire and inserted into the field of view of the interferometer in
the torus. The target was on the order of 1 mm by 1 mm and the wire was
approximately 75 um thick. The fact that the wire is visible places an
upper limit of 70 um on the experimental resolution of the interfero-
meter. As will be seen in viewing the pellet interferograms, the experi-
mental resolution is probably closer to 30 um. The diffraction-limited

resolution of the interferometer previously discussed would be ~15 um.
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2.4 Summary of Chapter 2

In Sect. 2.1 the ISX-B tokamak and its diagnostics were described.
Section 2.2 discussed the pneumatic hydrogen pellet injector.

Section 2.3 went over briefly the theory of holographic interfero-
metry and detailed the design and construction of the ionterferometer
systems. In particular, Sect. 2.3.7 calculated the magnification errors
inherent in the system if the pellet is not at the focus of the interfero-
meter. It was shown that a 5.6-cm difference in the pellet position and
the interferometer focus could lead to a magnification error of M v 1.4
in replaying the hologram. Also, Sect. 2.3.8 described the timing and
firing systems and presented the experimental result of a 6-us jitter in
the time of triggering the interferometer laser. Section 2.3.9 discussed
the experimental performance of the interferometer as a whole and gave
experimental evidence for a lower limit of ~70 ym on the interferometer
resolution but indicated that the interferograms to be presented later
will show that the experimental resolution is 30 um compared with a

diffraction-limited resolution of 15 um.
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Chapter 3
Theory

3.1 A Brief Review of the Existing Theoretical Work on Hydrogen

Pellet Ablation in High-Temperature Plasmas

The refueling of fusion reactors by the injection of liquid or
solid hydrogen was first proposed by Spitzer et al.,l and they also made
theoretical estimates of the pellet ablation rate. 1In making their
estimate, they considered many of the processes that are fundamental to
more recent theories. 1In particular, they mention shielding of the
pellet from the incident plasma energy flux by the ablated neutral
molecules and iomns, possible negative charging (electrostatic shielding)
of the ablatant and pellet, and retardation of the ionized ablatant flow
across the magnetic field. The following quote from this work is parti-
cularly pertinent:

The direct conclusion is that a cloud of cool gas due to

vaporization would form immediately and act as a shield for

the enclosed globule. This neutral molecular gas cloud

would then suffer ionization and dissociation, thereby

attenuating the energy of the impinging plasma particles,

and creating a local jonized cloud developing out of the

neutral one,

In 1968 an additional shielding mechanism was proposed by Rose,2
who assumed that the ablated material from the pellet would form a
dense, highly ionized blanket around the pellet and that this dense,

highly ionized plasma would exclude the magnetic field. Because in-

cident-particle trajectories would now be directed around the pellet,
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ablation would be due to heat conduction to the pellet through the
ablation cloud from the background plasma.

Chang3 modified Rose's zero-dimensional (0-D) model by making it
1-D and assuming that the magnetic field would partially penetrate the
ablated pellet material. Other magnetic shielding models were proposed
by Politzer and 'l‘homasl+ and by Lengye].,5

Gralnick6 assumed that the material ablated from the pellet would
be fully ionized, neglected magnetic field effects, and considered
shielding of the pellet by the slowing down of the incident hot plasma
particles on the cold, dense, ablated plasma surrounding the pellet.

The shielding theories that have most successfully described
experimental results to date are the neutral shielding models. Vaslow7
and Parks, Turnbull, and Foster8 independently developed scaling laws
that are almost identical. These models assume that the material
ablated from the pellet comes off as neutral gas and that the incident
hot plasma particles lose most of their energy through inelastic and
elastic collisions with the neutral gas.

The neutral shielding model was modified by Parks and Turnbull9 and
independently by Milora and Fosterlo to account for the effects of
supersonic flow as the ablated material streamed away from the pellet.
The scaling laws developed are very similar. The scaling law given by

Parks and Turnbull for plasma temperatures in the range 1~30 keV is
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2
G = 4mr'n v (atoms/s),
psip /s)

T = 8.94 x lOlar_2/3nl/3T1'64nml(cm/s), (3.1)
P p eo eo s

where
G = ablation rate (atoms/s),

22
n_ = density of solid hydrogen (atoms/cc) X 5.2 x 107 ,

rp =z pellet radius (cm),

- . -3
n_, = background plasma density (cm ), and
Teo z background plasma temperature (eV).

The results of Milora and Foster are essentially the same.

The neutral shielding model was extended by Felber et al.ll to
include the effects of ionization, dissociation, aud radiation. They
calculated that additional energy absorbed by these processes extended
pellet lifetimes by 10-20%.

Parksl2 and Gilliard and Kiml3 extended the neutral shielding model
to include the effects of decrease of incident plasma power due to the
exclusion of the magnetic field by the ablatant flow. Their calculations
show these effects to be modest, increasing pellet lifetimes only frac-
tionally.

Milora et al.14 have recently developed a "self~-limiting" ablation
model that accounts for the perturbative effects of massive pellet
injection on the background plasma. This model assumes that the material

ablated from the pellet cools the background plasma.
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3.2 Discussion of Existing Theories in the Light of Experimental

Work

The earlier theories of pellet ablation were plasma physics models.
They assumed that the fuel pellet was immediately immersed in a fusion
plasma and that the ablatant was completely ionized as it left the
pellet and therefore predicted ablation rates much smaller than seen
experimentally in any plasma to date. These models were developed for
high—’fe cases for which the assumption of iomnization is likely to be
correct.

The neutral shielding models go to the other extreme; they assume
that the ablatant does not become jonized until it is so far from the
pellet surface that it no longer matters, which is probably true for low
Te'

The work of Felber et al., Parks, and Gilliard and Kim, makes an
excellent attempt at marrying the atomic physics and plasma physics
aspects of the problem. Howaever, the recent experimental data from
ISX~-B, to be presented in Chaps. 4 and 5, show that there is a difficulty
with their models. They assume that the ionization fraction of the
ablated material can be calculated from the Saha equilibrium equation
using a single-temperature model. These calculations based on Saha
equilibrium show that the ionization fraction close to the pellet sur-

face is negligibly small. 1In Chap. 5 it will be shown from experimental

data that the average ionization fraction of the ablatant near the
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pellet surface is ~20%. It seems that there is trouble with the way the
ionization fraction is being calculated. The models should probably be
extended to allow for a separate electron temperature, or else the
ionization fraction should be calculated by equating the rates of ioni-
zation and recombination at a given radius.

The significance of the high ionization fraction is in the exclusion
of the magnetic field and also in the vetardation of the ablatant flow
across the magnetic field. 1If the ablatant is forced to stream away in
one or oune and one-half dimensions, rather than three, there will be
more ablated material shielding the pellet from the hot background
plasma. Exclusion of magnetic flux will force some of the incident hot

plasma particles to stream around rather than through the ablated material.
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Chapter 4

Experimental Results

4.1 Introduction

The purpose of this chapter is to present the general conditions of
the experiment and the experimental results. The data are presented
with as little manipulation as is reasonable. Analysis of the data will
be presented in the next chapter.

The interferometer and pellet gun were first operated together on
ISX-B on May 16, 1979, and experiments continued until November 11,

1979. During this period the interferometer and pellet gun were operated
ten days when the tokawak was running. On several of those days only a
few shots were taken with pellets/interferometry, and on several others
the Thomson scattering laser was inoperative. On three days (September

5, 6, and 11) the pellet gun, interferometer, tokamak, and Thomson
scattering laser were all operative so that a well-characterized and
diagnosed experiment was performed. Unfortunately, the interferograms
from September 5 did not come out because of misalignment of the reference
beam. The data presented will be from September 6 and 11, 1979.

Fifteen interferograms and associated data will be presented from
the September 6 experiment. Two of these are actually taken from a very
similar experiment on August 2, when the interferometer was in a differ-

ent: spatial location. 7The September 5 sequence was at relatively low
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electron density and high electron temperature, Hé = 0.8 x 1019 mm3 and

Te(r = 0) = 1500 eV. On this date runaway electrons were present in the
discharge on most of the shots. The pellets were generally stopped well
short of the magnetic center of the plasma, and a stable high-density
plasma was achieved after pellet injectiom.

The September 11 run was made at a2 higher electron density and

lower electron temperature, Eé = 3,2 x 1019 m“3

and Te(r = () = 1 keV.
Eighteen interfervograms and associated data will be presented from this
sequence., In general, the pellet went all the way past the center of
the plasma and was stopped on the far side. Large density increases
were seen, but the plasma always exhibited large-scale MHD oscillations
(minor disruptions) within 10 ms after pellet injection. Whether the
MID oscillations were due to injection of the pellet or were simply the

result of exceeding the stable operating parameters of the machine is

unknown.

4.2 Data from September 6, 1979 (Low Eé, High Te)

4.2.1 Thomson scattering data from September 6

As discussed previously, the Thomson scattering system on ISX-B has
a four-pulse ruby laser. This means that on any single tokamak shot it
is possible to get data from one spatial location at four different
times during the discharge. The entire laser system can be moved be-

tween discharges to look at different spatial locations. A trigger was
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provided to the Thomson scattering laser from the velocimeter/timer so
that the timing of the Thomson scattering laser system with respect to
the arrival of the pellet in the plasma was repeatable within "5 us.
Figure 4.1 shows electron density and temperature profiles made 1
ms prior to pellet injection for the September 6, 1979, sequence. The
nominal pellet injection timing was at 96 ms into the discharge. The
discharge current was 113 kA, the magnetic field on axis was 1.5 T, the
line-averaged electron density was 0.8 x 10lg m*3, and the safety factor

q at the limiter was 5.1. The plasma Ze inferred from Thomson scatter—

ff

ing was 7.1 (high Ze due to vacuum opening immediately before). All

ff
of the Thomson scattering data are presented courtesy of E. A. Lazarus,
P. H., King, and M. Murakami of ORNL.

Figure 4.2 shows the electron density and temperature 1 ms after
pellet injection for the September 5 and 6, 1979, sequence, These
sequences were almost exactly alike. Because the pellets were stopped
short of the center, the density profile is hollow. Later in time it
will £4i11 in the center. Similarly, the electron temperature is peaked
at the center. Because the pellet did not reach the center, the centervr
was not cooled as much as the outer regions of the plasma. The data
from the September 5 sequence are included because it has a central data

poinf: whereas the September 6 sequence does not. The error bars shown

on the Thomson scattering data are from photon-counting statistics.
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4.2.2 Line-averaged dengity data from September 6

During the experiments three interferometers were operative on the
tokamak. There were microwave interferometers with vertical and hori-
zontal paths through the plasma and a FIR interferometer with a vertical
path through the plasma. The two microwave interferometers operated at

a wavelength of 2 mm, and the FIR interferometer operated at a wave-

length of 400 um. The cutoff density was V2.8 x 1020 m—3 for the

. . 21 -3 i
microwave interferometers and ~7 x 10 m for the FIR interferometer.

The horizontal microwave interferometer could respond to a maximum
. . = 23 -3 -1 . 5
density rate of change of n, = 1.0 x 100" m ~ s =, the vertical

microwave interferometer could regpond to a maximum density rate of

4 m—3 sul, and the FIR interferometer could

4 -3 -1
m S

change of Eé = 2.0 % 102
respond to a maximum density rate of change of Eé = 1.0 x lO2
Typical density changes for September 6, 1979, were Agé = 2.4 x
lO19 m”3 in 200 pus. This means that the horizontal interferometer
normally could not follow the density change. As previously discussed,
the configuration of the poloidal field system used in this experiment
produces slightly elongated plasmas. The ratio of the fringe shifts
from the vertical microwave interferometer to the horizontal interfero-
meter just before pellet injection gives the elongation. For September

6 and 11, 1979, the elongation was 1.2. Because of this elongation a

64.8-cm path length is assumed for the vertical interferometer.
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Figure 4.3 shows three typical plots of density versus time for
pellet injection on September 6, 1979. All interferometer data are
courtesy of J. Wilgen and D. Hutchinson of ORNL.

The upper and middle plots of Fig. 4.3 are vertical 2-mm microwave
data, and the bottom plot is FIR data. The "noise" on the FIR data is
the result of mechanical vibration. On shots where the pellet pene-
trated deep into the plasma center, only the FIR interferometer could
follow the density change. The 2-mm systems lost signal due to refrac-
tion and reflection.

Figure 4.4 is a typical 2-mm density trace from September 6 without
pellet injection. The point of interest on the density data is the
maximum ﬁé immediately following pellet injection. In the next chapter
the measured Hé from the interferometer will be compared with the Bé
calculated by inferring a pellet ablation rate from Balmer-alpha (Ha)
light emitted by the pellet as it ablated.

Table 4.1 lists shot numbers and maximum Eé seen by the FIR or

microwave interferometer immediately after pellet injection.

4.2.3 Local energy loss during pellet injection

A pyroelectric radiometer was located underneath the same sector
where the pellet injector was installed on ISX-B. A pyroelectric de-
tector is sensitive to incident power; therefore, the pyroelectric

radiometer measured all local power loss, both radiation and charge
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Table 4.1. Line-averaged density immediately before and after
pellet injection, sequence of September 6, 1979

Shot ;e (prepellet) Eé (postpellet) Aa;

number?® (x1072 n~3 (x1077 073 (x10%7 0~

- 15668%

15633%
15638%
15639%
15641%*
15642
15643
15644%
15646
15647
15649%
15651%
15656%
15657
15661
15664%
15665%*
15667

NN W N
s 2 e a

NN W W

B

LN = wun o=

15669
15672%
15678
15679
15681%*
15682%
15683%
15685
15686%*
15687
15690
15697

.
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0000 W OO0 VWO 0IYWWWOWWRoW OO WO WO XWOWOWw WO

+

oNeNoBeNeNeNoeRolNolelNoNelNolRelNoNollollo ool e ol ool a ol ol ool

WNhNWPFPWNNWWWWNWNNRNNNN P, WWWwWWNNDESEESENWWW

WPHrONWNNESEPHEWOO WY O N~

N

»

(0 )AVG = (3.2 +/-0.6) X 1010 53

(Hé)*AVG = (3.1 +/-0.3) x 1012 o3 &- (Postpellet averages)

19 -3
m

(AEé)AVG = (2.4 +/-0.6) x 10 L

a . 1. . .
* indicates Thomson scattering data taken this shot.
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exchange neutrals, during pellet injection.l The pyroelectric diag-
nostic was built and operated by C. E. Bush of ORNL, and all radiometer
data are courtesy of him. Figure 4.5 illustrates the geometry of the
pyroelectric detector, which was centered underneath the vacuum vessel
with a vertical distance to the vacuum vessel centerline of 56 cm and a
horizontal distance to the limiter of 27 cm.

A transient-~evenl recorder was not available to record and digitize
the data for analysis, so the data are presented and analyzed from
oscilloscope traces. Figures 4.6 and 4.7 give six oscilloscope traces
showing power emitted by the pellet as it traversed the plasma. The

total power emitted by the pellet at time t is

dE 4rr S(t)
= e I: e —_—te 4

it = A7 ¢ (4-1)
where

r = distance from pellet to detector,

S(t) % radiometer voltage at time t,

C = calibration factor for radiometer = 11.07 V/W,
A” = effective detector area = A cos (8), and
_ -6 2
A = detector area = 7.07 x 10 m .
The power scale on the figures is found by assuming r = constant =

[aan? + (s6)211/% -

57.3 cm and 0 = tan (12/56) = 0.211 radians. The
lower trace on the figures is from a photodiode detecting the Ha light
emitted by the pellet as it traversed the plasma (discussed below).

It can be shown that the error factor in assuming a constant

radius is
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True power _ cos3(8’) de

3 = = = ’
Calculated power (r = const) do cos3(9)

A = (4.2)

where © is the actual angle to the radiometer and 6” is the angle at r

-

= r” = congtant (6”7 = 0.211 radians). The error in the above assumption

ranges from A = 1.28 at minor radius a = 27 cm to A

il

0.93 at minor
radius a = 0. The error factor at a = 12 em is A = 1.00 (no error).
Table 4.2 gives the local energy radiated during pellet ablation
found by integrating the power from Figs. 4.6 and 4.7. The error factor
in calculating the energy this way is found by multiplying Eq. (4.2) by

the signal strength and integrating

-1
ﬁ - cos3(e')fs—@_3—@—9 -U‘s(m de} . (4.3)
cos ©

If S(8) were a constant, the maximum error factor would be (pellet
stopped at a = 7 cm)
./Z = 1.09.
Because S(9) is peaked near a = 12 cm, the actual error in finding
the energy this way is less than 10%.

4.2.4 Evidence for runaway electrons in plasma during sequence
of September 6, 1979

In order to diagnose the presence of runaway electrons a hard x-ray
detector is located on the wall of the ISX-B enclosure. The detector is

a scintillation detector and looks at total photon output (it is not a
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Table 4.2. Total local radiated energy during
pellet injection, September 6, 1979

Shot number Total local radiated energy

)]
15667 17
15679 18
15681 17
15682 15
15697 21
15698 17

EAVG = (18 +/-2) J
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pulse~height analysis or energy spectroscopy system). When ruanaway
electrons impact the limiters of the Lokamak, hard x rays are emitted
with enetvgy proportiomnal to the runaway electron energy. The ISX-B
detector is sensitive to x rays in the 0.5-3 MeV range, and the signal
from the detecior is proportional to the total number of x rays in this
energy range and to their energy spectrum. Hard x-ray data are courtesy
of D. W. Swain of ORNL.

Figure 4.8 shows hard x-ray data for five shots from the September
6 sequence when pellets were not injected into the machine. Note the
large positive spike at the end of the shot (around t = 180 ms) on three
of the traces and a small positive spike on the other two traces.

Figure 4.9 shows hard x-ray data f{rom five shots on September 6
when pellets were injected. Note that there is no hard x-ray spike at
the end of the shot nor any associated with the pellet injection at t =
96 ms.

Twenty-two out of thirty shots without pellet injection on Sept-
ember 6 exhibited a hard x-ray spike at the end of the shot. None of
the 45 shots with pellet injection on September 6 exhibited a hard x-ray
apike at the end of the shot. The inferred result is that pellet in-

jection, like gas puffing, removes runaway electrons from the discharge.
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4.2.5 Pellet ablation rate jaferred from Ha line radiation

Foster et al.? first suggested using hydrogen line radiation as a
means of inferring pellet ablation rates, The rvationale is that the
ratios of the cross sections for photon emission and ionizing events are
approximately constant over the electron energy ranges of interest.”’
To date, this linear relatjonship has been experimentally found to be

b

3 . . -
correct, although it may not continue to be valid as energy densities

incident on the pellet rise. The coefficient found by Milora et al.4 is
0. 02 Ha photons radiated per atom ablated from the pellet.

Figure 4.10 is a schematic of the Ha detector position on ISX~B and
its construction. The optics for the detector were designed by the
author, and the wideband transimpedance amplifier was designed by J. W.
Pearce and S. L. Milora of ORNL.

The output of the Ha detector was recotrded with a transient-event
recorder at a digitization rate of one data point per microsecond.

Figures 4.11-4.17 show Ha traces from September 6, 1979, for which

interferograms were made, The original data have been transformed

according to Eq. (4.4) to give ablation rate rather than volts:

dN 2

_H (4nr™)

dt s(t) ACl C2C3’ (4.4)
where

NH =z atoms of hydrogen in pellet,

S(t) = Ha detector voltage at time t,
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r = distance from detector Lo pellet at tiwe t,
- o -1 9 -19 -1
03 = (energy of one Hq photon) = (3.02 x 10 N
C, = constant accounting for detector quantum efficiency, line

filter efficiency, beam aplitter efficiency, vacuum window
reflection, and amplification = 38 (V/W),
A = active area of photodiode = 1 x 10m4 mz, and
C, = atoms ablated per Ha photon emitted = 46,
The distance scale shown 1s the nominal distance of the pellet from the
limiter calculated by taking the time recorded by the transient-event
recorder and multiplying by the pellet velocity. It does not account
for auny curvature of the pellet's trajectory.

The arrow on the Ha traces indicates the point in the pellet's
ablation at which the holographic interferogram was made.

On each of the computer-analyzed traces is also recorded the ini-~
tial pellet "Z" (total hydrogen atom content), initial pellet diameter,
and pelletr velocity. The Z of the pellet is inferred from integrating
the Ha trace. The pellet diameter is an equivalent spherical diameter
assuming sgeolid density at 4.2 K, inferred from Z. The velocity is that
measured by the velocimeter/timer discussed in Chap. 2.

Figure 4.18 shows two Ha oscilloscope traces from the data of
August 2, 1979. The spike on the upper trace is a signal from the
holographic laser indicating when it was fired. These traces are for

the other two interfetrograms that will be presented as typical of the

data of September 6, 1979.
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Figure 4.19 is the average ablation rate curve inferred from all of
the shots where pellets were injected on September 6. The solid curve
is the average. The dashed curves are the average +/- the standard

deviation.

4.2.6 Interferograms and shadowgraphs

The formation of shadowgraphs was not discussed in Chap. 2 because
the modification to the interferometer to form a shadowgraph and inter-
ferogram simultaneously is almost trivial. The modification is shown,
however, on Fig. 2.7. A beam splitter (BS2), an electronic shutter
(ES), and a polaroid film holder (PFH) are indicated on the figure. The
beam splitter splits off a portion of the object beam after the last
lens and directs it through the shutter onto the polaroid film holder,
which is placed the same optical distance from the last lens as the
holographic plate holder so that objects in the field of view at the
midplane of the tokamak will be in focus on the polaroid film. Polaroid
Type 57 3000-gpeed 4-in. by 5-in. sheet film was used in the polaroid
film holder. Solid hydrogen or very high density plasma will refract
the laser light out of the system so that an image of the pellet made
from the interferometer object beam will be dark in these areas (there-~
fore "shadowgraph'). The polaroid shadowgraph provides instant verifica-
tion of whether the pellet was in the field of view of the interferometer

and also provides qualitative information about the interaction of the
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laser beam with the ablated material and pellet. The electronic shutter
is closed during formation of the first hologram and open during forma-
tion of the second so that the polaroid film is exposed only when the
pellet is in the interferometer field of view.

The interaction of laser light with neutral hydrogen and electrons
is discussed in the Appendix. For electrons, a shift of one fringe
(phase shift of 2m) is produced by an electron density times path length
of (ne X 2) = 3.2 x 1021 mw2 (at A = 6943 ;), and a shift of one fringe

is produced by a molecular hydrogen density times path length of

23
m

X 2) = 1.35 x 100 w2 (X = 6943 A).

It should also be kept in mind that electrons produce a negative phase
shift and neutral molecules a positive phase shift.

Figures 4.20-4.27 are interferograms and shadowgraphs made on
September 6, 1979. Shadowgraphs are not included for shots where the
pellet was more than 1 cm from the focus of the interferometer (hori-~
zontal midplane of the vacuum vessel). The shadowgraphs included are
for qualitative rather than quantitative information. Sowe features
show up more clearly on the shadowgraphs than on the interferograms.
Discontinuities in refractive index (shocks?), for instance, are much
clearer on the shadowgraphs than on the interferograms, although once
located on the shadowgraphs, they are clearly visible on the inter-

ferograms.
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There is noise present on the shadowgraphs and the interferograms.
On the shadowgraphs the noise is in the form of variations in intensity
of the laser beam and small white specks visible on some of the shadow-
graphs. The intensity variations on the laser beam appear after it passes
through the vacuum windows of the tokamak and are presumably due to
imperfections in the vacuum windows.

Noise on the interferograms is in the form of diffraction rings
from small particles of dust on the replay optics and from very small
imperfections in the emulsion on the photographic plate. Because in
general these dust particles and imperfections are not in focus, they
produce a series of diffraction rings on the photograph of the replayed
interferogram when the hologram is replayed in coherent light. Noise is
also present on the interferogram for shot 15861 because the pellet was
very close to the edge of the lens, causing some waviness of the back-
ground fringes.,

Noted with each interferogram/shadowgraph is the shot number,
magnification, distance from the microscope focussing lens when in
focus, plasma minor radius where the interferogram was made, and plasma
electron density and temperature, inferred from Thomson scattetring, at
that minor radius.

The interferograms are oriented on the page so that a downward

fringe shift indicates a negative phase shift due to electron density.
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The direction of increasing/decreasing phase on the interferogram is
controlled by the direction of the mirror tilt between the formation of
the two holograms for the interferogram. The interferograms/shadow-
graphs are presented in order of shot number unless it was necessary to
present them out of order to minimize the number of figures.

Figure 4.28 is a scale reference for the interferograms/shadow-
graphs. The same microscope used to replay the holograms and blow up
the shadowgraphs was used to make photographs of a machinist's metric
scale. The scale for the interferograms/shadowgraphs can be found by
choosing the correct magnification of the machinist's scale. (The dis-
cussion of the magnification of the interferograms in Chap. 2 should be
kept in mind.) The true scale for the shadowgraphs can be found by
comparing with the correct magnification of the machinist's scale
because the shadowgraphs pregented were at the approximate focus of the
interferometer; the magnification is therefore true,

The focus of the microscope was 9.2 cm from the input lens. The
focus listed under each interferogram is the actual distance from the
hologram film plane to the microscope when the interferogram was in
focus. As discussed in Chap. 2, the difference between these two
numbers is proportional to the distance the pellet was from the midplane

of the tokamak when the interferogram was made.
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it may be noticed that portions of the shadowgraph that appear very
dark have clear fringes on the interferogram. The explanation is that
the interferogram was pre-exposed (by formation of the first hologram)
and was therefore much more sensitive to low light levels than the

shadowgraph.

4.3 Data from September 11, 1979 (High s Low Te)

4.3.1 Thomson scattering data from September 11

Figure 4.29 shows electron temperature and density profiles made 1
ms prior to pellet injection for the September 11, 1979, sequence. The
nominal pellet injection timing was at 100 ms into the discharge. The
discharge current was 150 kA, the toroidal magnetic field on axis was
1.5 T, the line~averaged electron density was 3.2 x 1019 m~3, and the
safety factor q at the limiter was 4.0. The plasma Zeff inferved from
Thomson scattering was 5.3,

Figure 4.30 shows the electron deonsity and temperature 1 ms after
pellet injection for the September 11 sequence. The pellets penetrated
all the way past the center of the plasma and were stopped at r = -13
cm. The discharge evolved for a few milliseconds after pellet injection
and then, as previously discussed, experienced large-scale MHD activity
and rapid loss of confinement. It is not known whether this was triggered

by pellet injection or by exceeding the operating parameters for which

the machine was stable on that day.
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4,3.2 Line-averaged dengity data from September 11

On September 11 neither of the microwave interfercmeters could
follow the density change due to the pellet. The densities achieved
probably did not reach the cutoff densities for the 2-wmm microwave
interferometers but came close enough so that reflection and refraction
caused severe loss of signal.

The FIR interferometer was operative; however, there were some
noise problems due to vibratioun, and the FIR data are presented with the
following disclaimer from the respoosible physicists: '"Data is not
entirely believable! Reconstruction is largely a good guess and fringes
may have been missed or added in the wrong place.” With the above kept
in mind, the data will be presented and used.

Figure 4.31 shows three density traces from September 11 shots with
pellet injection. Table 4.3 lists maximum line-averaged density immed-
iately after pellet injection for a number of shots. A path length of

65 cm is assumed for both Tig. 4.31 and Table 4.3 in calculatiag H;.

4.3.3 Local energy loss during pellet injection on September 11

Figures 4.32 and 4.33 ars pyroelectric radiometer traces from
September 11, 19/9. The comments made concerning the September 6 data
are again applicable here. Table 4.4 gives integrated power (energy)
for the shots shown in Figures 4.32 and 4.33. An average minor radius
of 12 cm ig again assumed in making the power and energy calculations,

as discussed with the September 6 data.
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Table 4.3. Line-averaged density immediately before and
after pellet injection, sequence of September
6, 1979 (assumes 65-cm path length)

Shot Eé (prepellet) Eé (postpellet) Aﬁé
numbera (XIO19 mm3) ) (XlO19 m—3) (XlO19 m“3)
15858% 3.3 4.8 1.5
15860% 3.4 4.8 1.4
15861%* 3.5 5.2 1.7
15869% 3.1 4.9 1.8
15872% 3.2 4.9 1.7
15873 3.0 4.4 1.4
15874% 3.0 4.3 1.3
15875 3.0 5.2 2.2
15877% 4.8 1.9
15885% 3.1 4,6 2.5
15888% 3.1 5.5 2.4
15889% 3.0 4.2 1.2

Postpellet averages

(;e)AVG = (4.8 +/-0.4) x 1019 m—3

(}IP*)AVG = (4.8 +/-0.4) x 1019 m-“3

fl

9 -3
m

(AR )AVG = (1.8 +/-0.4) 10"

* indicates shot where Thomson scattering data were taken.
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Table 4.4. Total local radiated energy during
pellet injection, September 11, 1979

Shot number Total local radiated energy

(I
15875 18
15888 20
15889 18
15890 23
15897 16
15898 21

EAVG = (19 +/-3) J




114

4.3.4 Pellet ablation rate inferred from Ha line radiation

on September 11

Inferring pellet ablation rates from Ha data wag discussed with the
September 6 data.

Figures 4.34-4.41 are plots of the pellet ablation rates inferred
from Ha radiation for the shots where interferograms were made on
September 11l. The arrow on the plot indicates the point at which the
interferogram was made. The nominal center of the plasma would be at 27
em on the plots. However, the pellet may not have gone through the
plasma center. The feedback controls were set to hold the plasma at a
nominal position of 2 cm below the horizontal midplane of the vacuum
vessel, and the nominal trajectory of the pellet was 4-6 cm above the
midplane, in vacuum. However, as previously discussed, the pellet
trajectory curves down when ablating in a plasma. The pellet trajectory
will be discussed further in the next chapter.

The relationship of pellet injection to MHD activity (minor dis-
ruptions) has been discussed by Milora et a],,/+ In cold plasmas it is
possible for relatively massive pellets to trigger disruptions. This is
probably not important for a reactor.

Figure 4.42 ig the average ablation rate from all of the pellet
shots on September 11 where the plasma was not immediately disruptive on

pellet injection and the pellet did not penetrate the entire plasma
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column and strike the wall of the vacuum vessel. The dashed lines
indicate the average +/- the standard deviation.

As before, measured pellet velocity and pellet Z and diameter
(calculated from integrating the ablation rate) are presented on each
plot.

The computer-stored data were not available for shots 15863, 15872,
and 15887, and the oscilloscope traces are presented instead (Fig. 4.43)
to indicate the timing of the interferogram.

The signal present on the Ha plots for r > 54 cm is indicative of
the pellet having passed all the way through the plasma and striking the
vacuum vegsel on the far side.

Because of the low level of the signal as the pellet entered the
plasma on September 11, there is approximately a 2-cm jitter in deter-
mining where the Hu trace starts (and thus the position of the plaswma
edge). Tt should also be noted from examining Figure 4.43 that the
placement of the arrow indicating where the interferogram was wmade on
Figs. 4.34-4.41 has some uncertainty in it and that there will therefore
be some uncertainty in the exact ablation rate at the time the interfero-

gram was made.

4,3.5 Interferograms and shadowgraphs from September 11, 1979

Figures 4.44-4.50 are the interferograms and shadowgraphs made omn

September 11, 1979. Again shadowgraphs are not presented if the pellet
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was more than 1 cm from the interferometer focus. The general comments
made in discussing the September 6 data as to orientation, sgcale factors,

noise, etc., are still applicable.
4.4 Time-Exposure Photographs of Pellet Ablation

Figure 4.51 is a shadowgraph of a pellet superimposed on a time-
exposure photograph of the light emitted by the neutrals in the vicinity
of the pellet. Thig photograph was made by removing the ruby laser line
filter from the interferometer optics. Thus, the shadowgraph became a
time exposure of the light emitted by the neutrals ablated from the
pellet, and the shadow of the pellet is also visible from firing the
ruby laser.

The Ha trace from the shot is shown above the shadowgraph along
with the trigger pulse that firéd the ruby laser.

It can be seen that pellet end-~of-life occurred in the field of
view of the shadowgraph. The pqint of interest is the very short scale
length for transport across magﬁetic field lines as compared to along
them. The timing on the Hd trace indicates that the pellet vanished at
a minor radius of 8 cm (approximately 10 us after the shadowgraph was
made). The film appears to be relatively unexpoged for minor radius r <
- 8 cm, indicating that the ablation products are rapidly ionized to H+
and H+ and contained on magnetic field lines, ASA 400-speed color film

2

was used for this photo.
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Figuvre 4.52 is a time exposure of the light from a pellet. The
ruby laser was not fired for this photo; otherwise it is the same as
Figure 4,.51. The Ha trace for shot 14590 is not available, but the
traces for the shots immediately before and after are shown above.
Again the streaks in the light along the magnetic field lines corre-
sponding to the spikes on the Hu traces indicate that ablation products
travel away from the pellet along maguetic field lines. ASA 3000-speed

black and white polaroid film was used for this photo.

=~

4.5 Summary of Chapter

Chapter 4 presents the experimental data with minimal analysis and
comment. Data analysis will be done in Chap. 5.

Section 4.2 gives the data from September 6, 1979, and Sect. 4.3
gives the data Erom'September 11, 1979. The data consist of Thomsoo
scattering profiles . of the electron density and temperature 1 ms before
and 1 ms after pellet injection, instantaneous pellet ablation rates
inferred from Ha photon emiggion; line-averaged density before and after
injection, local power and energy loss during injection, hard x-ray data
showing the presence or absence of runaway electrons, aund interferograms
and shadowgraphs of pellets taken at various minor radii aod ablation
rates.

Section 4.4 discusses time-exposure photographs of the pellet abla-

tion made using the shadowgraph optics with the ruby laser line filter
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removed from the system. The point of interest is the apparent rapid

confinement of ablation products on magnetic field lines.
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Chapter 5

Analysis of Data

Data analysis will begin with a discussioo of the downward curva-
ture of the pellet trajectory im Section 5.1. . The effect of superthermal
electrons on the pellet ablation rate will be analyzed in Sect. 5.2Z.
Section 5.3 will show that charge exchange losses due to pellet injection
are small. Pellet ablation rates inferred from emission of Ha photons
will be compared with data from other diagnostics in the first parts of
Sect. 5.4, and will be compared with the predictions of neutral shielding
theory in the last parts of Sect. 5.4, Results of computer analysis of
the interferograms will be discussed in Sect. 5.5, along with the presence
of discontinuities on the shadowgraphs and interferograms. Finally, an

energy loss equation and n,ox £ data from the interferograms will be

used to calculate the ionization fraction of the ablated pellet material,
5.1 Pellet Trajectories

As mentioned in Chap. 4, the pellet trajectories were observed to
curve downward and parallel to the magnetic field in the direction of
the electron dvift velocity. The curvature parallel to the magnetic
field has been previously observed and explained in terms of differ-
ential ablation pressure.l Figure 5.1 is a tangential photograph of the
Ha light emitted as the pellet traversed the plasma. The downward

curvature is observable.
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As previously discussed, the vertical distance of the pellet from
the horizontal midplane of the tokamak can be calculated from the focal
point of the holographic interferogram of the pellet. Tables 5.1 and
5.2 list the experimentally observed or inferred quantities at the time
of the hologram formation. The column labeled T, is the vertical
distance of the pellet from the tokamak horizontal midplane at the time
of hologram formation. The nominal injection trajectory in vacuum was
N5 cm above the tokamak midplane with a standard deviation of 1 cm. It
can be seen from the data that the pellet trajectory curved sharply
downward as the pellet penetrated the plasma. There were no observa-
tions of the pellet actually dropping below the tokamak horizontal
midplane. The downward drop correlates with the decrease in pellet
radius rp. The pellet radius listed is found by integrating the abla-
tion rate inferred from the HOl signal. The pellet trajectory is ob~
gerved to drop 4-5 cm in a horizontal distance of ~5 cm as the pellet
nears the center of the plasma (v = 8-13 cm).

The curvature of the pellet trajectory made little difference in
the effect of the pellet on the plasma. On September 6 the pellet was
completely ablated at an average distance of ~5 cm from the plasma
center; therefore, it did not matter if the pellet trajectory missed the
plasma center by 4 cm. On September 11, as has been shown in Chap. 4,
the pellet ablation rate was small to zero as it passed through the
central portion of the plasma; thus, missing the plasma center would

have very little effect on the experimentally observable quantities.



Tabie 5.1.

Experimentally observed or inferred quantities at time of
interferogram for September 6, 1979

Minor radius Shot r {r Te(r rp G r, lp
{cm) aumber (XlO19 m—j) {eV) (mm) (atoms/s x 1023) {em) {mm)
10.8 15681 1.1 7C0 0.34 3.0 0.5 1.6
11.0 15699 1.1 700G 0.45 2,90 0.5 1.5
11.1 15680 1.1 700 G.43 3.0 0.6 2.0
11.2 15684 1.1 700 0.47 2.9 0.6 1.5
11.4 15686 1.1 650 0,42 2.9 9.5 1.5
11.6 15679 1.0 650 0.42 2.8 0.5 2.6
11.6 15683 1.0 659 G.47 1.5 0.8 1.7
11.6 15667 1.0 650 0.51 4.0 5.7 1.4
11.7 15698 t.0 650 0.38 G.5 0.0 1.2
11.7 15695 i.0 650 0.43 2.9 0.3 1.7
11.8 15678 1.0 650 0.43 4.5 0.6 2.0
11.¢ 15685 1.0 630 0.43 2.0 G.6 1.5
13.0 15700 8.9 600 0.46 1.0 0.6 i.4
i3.7 14455 G.9 500 0.50 0.5 5.2 0.88
17.5 14436 .9 300 0.53 0.2 4,0 0.96

(Al



Table 5.2. Experimentally observed or inferred gquantities at time of
interferogram for September 11, 1979

Minor Radius Shot n {r) T {r) 7 G r )
e e P v P
{cm) number XlO19 m {eV) () (X‘»OZ3 STOmS/ 8) {cm) (mm)
{cm) =3 ev) el < SLOmS/ 5 ), mi )
7.6 15864 4,7 850 0.26 0.4 1.1 0.83
8.6 158581 4.6 800 0.28 2.0 0.0 1.0
3.8 15872 4,5 750 0.18 2.0 0.0 1.0
8.8 138482 4.6 730 0.278 1.0 0.5 1.1
5.9 15862 5,5 750 0.24 0.3 0.2 .97
8.9 15870 4.5 750 0.26 0.9 3.5 1.0
9.3 15873 4,5 750 0.20 1.5 6.5 1.2
9.3 15860 4.5 750 0.22 1.0 0.7 0.97
9.3 15879 4.5 750 0.35 2.0 5.3 0.73
9.5 15874 4.5 700 0.29 1.0 6.1 0.68
9.8 15881 4.4 700 0.26 1.5 2.9 (.86
10.1 15876 4.4 70C 0.26 1.0 6.1 0.68
1G.5 15868 4.3 6550 .25 1.2 5.9 0.83
11.2 15886 4.2 500 0.17 i.3 0.6 1.3
11.3 15897 4,2 500 0.24 1.2 4.7 0.94
1.3 15882 4,2 450 0.26 G.9 5.0 .30
11.3 158883 4.2 5C 0.30 2.6 5.6 ¢.93
1.3 15885 L,2 500 0.35 2.0 5.8 (.99

B .
Estimated.

€ql
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The force necessary to cause the downward curvature can be esti-
mated. If one assumes a typical average mass (where the curvature is
: - 19 . e .
important) of 0.75 x 10 protons, a distance of 5 cm, and a time of 50
us, then the necessary average force at coastant acceleration is 0.3 N.
2 . 5
Over an area of ~1 mim, this is a pressure of ~3 x 107 Pa, or ~3 atm.
This is very diffdcult to explain in terms of differential ablation
pressure, not only because of the magnitude of the force, but also
because of the direction. The force from differential ablation would be
along the helical magnetic field lines, and any force aloung the field
lines sufficient to move the pellet down 5 cm would also have swept it
out of the 7.5~cm field of view of the interferometer.
One might speculate that a current from front to back of the
pellet causes the downward force. Using F =12 x ﬁ; the necessary
. - 2 .. .
current (for B = 1.5 T) is I = 200 A. For an area of 1 wm this implies
8 -2

a current density of 2 x 10" A-m ~. I[f the ablated hydrogen was 20%

2
ionized, its conductivity would be

2
5] = Tet
me(vei/z + veo)
fi
, (5.1)
[2.38 x 1075721 - £ +5.18 x 10 SfiT 32 1
where the resistivities due to e - H. and e - H+ collisions have been

2
added and



145

f. 2n/(un + n ) = ionization fraction,
i e e o
~-12 _ ~3/2 . 3 . . . .
vei = 2,91 x 10 Ie n, 2oA = electron-ion collision time, and
v =n o V = electron-H, collision frequency.
eo 0o eo0 e 2
For l-eV electrons and Oeo X lOm19 m2, then3 (with oA = 3)
s ¥ 6.4 x 100 (2-m) .

This implies an electric field

E = J/o 3 x 104 V/m

or a potential difference

e

vV = Eg 30 v,
This kind of front~to-back potential difference and driven current secems
plausible and is one possible explanation for the downward curvature of

the pellet trajectory. This potential difference 1s the same order of

magnitude as the thermal gradient.

5.2 Effects of Noanthermal Electrons

It was shown in Chap. 4 that superthermal electrons were present in
the discharge on September 6. Over the course of the experiments the
presence of runaway electrons was correlated with a dramatic growth in
the effective area of the pellet as the pellet penetrated the plasma;
the pellet area is inferred from the dark area on the shadowgraphs and

the area of disturbed fringes on the interferogram. The column labeled
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lp in Table 5.1 is the effective length of the pellet perpendicular to
the magnetic field found by measuring the length of the area of indisitinect
fringes on the interferogram perpendicular to the magnetic field and
correcting for magnification. The data show that over a distance of w5
cm the effective perpendicular length of the pellet increases from V1 mm
to 2 mm while the actual mass of the pellet decreases about a factor of
2. The column labeled rp shows what the spherical radius of the pellet
would be if it had solid hydrogen density. This is found by subtracting
the integral of the pellet ablation rate from the original pellet mass,
which is assumed to be the total integral of the ablation rare. Because
the pellet radius increased ~0.5 mm in 50 ps, the velocity of expaunsion
is 10 m/s. This velocity will be used in later calculations.

From the empirical formulas presented by Evans4 it can be cal-
culated that electrons with energy less than ~100 keV can be stopped by
1-mm of solid hydrogen. This is subject to large statistical fluctua-
tionsg, however, due to the occurrence of electron—electron collisions in
which large energy losses can be experienced.

The energy necessary to cause the pellet expansion can be esti-
éateda Because the neutral hydrogen has expanded about a factor of 20
in volume over its solid density, assume that it is a fluid near the
thermodynamic critical point (where the compressibility is high). The

enthalpy at the critical point 155 77.6 J/mole, and for solid hydrogen

at 13 K, h = -740.2 J/mole or
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v
Ah = 800 J/mole.
. -5 . -
There are 3 x 10 7 moles of hydrogen remaining so that
-2
AE ~ 2.5 x 10 7 .
Asguming 500-keV runaways depogiting all their enevgy (for instance),
: 11
this corresponds to 3,13 x 10 runaway electrons compared to a total
19

plasma electron number of 1077, Alternatively, il corresponds to a

runaway electron current of

-~ 99 _ X

é
e

ﬂ-l

A

—i
{
!
}
8]

v}

o
v
N

comparad to a total plasma current of 110 kA. Clearly it does not take
many runaway electrons depositing ecergy deep in the pellet to cause it
to expand at a high rate.

This process is important because the plasma power incident on the
pellet increases as the square of the pellet radius. Neutral shielding
theory predicts that the total ablation rate G increases as the 4/3
power of the pellet radius. However, at some point as the pellet increases
in radius, the pellet becomes unshielded because there is no longer
enough material to maiotain a shielding cloud. At this point the
pellet's life comes to a catastropic end. This description bears a

striking resemblance to the September 6, 1979, ablation data.
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5.3 Charge Exchange Losses

An egtimate of local charge exchange losses due to pellet injection
will be made by comparing the estimated power lost in radiation to the
measured local energy loss.

It was shown in Chap. 4 that the local energy loss duriag pellet
injection was about 18 J. The ratio of the cross section for the pro-
duction of Lyman-alpha radiation to that for the production of Balmer-
alpha radiation by disscciative excitation is gbout a factor of 15 for

. 3 . P
electron energies from 100 eV-1 keV. Assuming 0.02 ﬂm photons per atom
ablated (experimental data), this implies 0.3 Lyman-alpha photons per
e . ) 19 ;
particle ablated. Using an average of 3 x 10 atoms per pellet and a
photon energy of 10.2 eV, this implies a radiated power of V15 J and a
local charge exchange loss during pellet injection of ~3 J (18 J minus
15 J). Assuming an average energy of 1 keV per charge exchange loss,
. 16 . 1 -~
this corresponds to a loss of 2 x 10 particles to charge exchange
; - . } 19 , .
during pellet injection compared with ~10 particles in the plasma.

Note that the above calculation is rather crude and that the charge
exchange losses could be much smaller than the above figure. In any
event, the loss of energy and particles due to charge exchange during
pellet injection is small (too small to measure within the accuracy of

the available diagunostics).
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5.4 Analysis of Hq Data

It was shown in Chap. 4 how pellet ablation rates were derived from
the emission of Ha photons during pellet injection. The first two parts
of Sect. 5.4 will compare quantities inferred from Ha ablation rate data
with other experimentally observable quantities. The remainder of Sect.
5.4 will discuss the expevimentally observed ablation rates and compare
them with theory.

5.4.1 Compariscn of measured line-averaged density rise with
that inferred from Hu data

Tables 5.3 and 5.4 give a shot-by-shot comparison of the line-
averaged density rise measured by the microwave/FIR interferometer aad
Aﬂé calculated from the Hu data. The calculated line-—averaged density
increase was found numerically by mulciplying the ablation rate by the
time to cross a differential volume in the tokamak and by assuming that
the Ane thus derived was added to n, in the differential volume.

The agreement between the measured line-averaged dengity rise and
that calculated from the Hu data is good (as seen in the gmall difference
(MAVG in the tables). The error bars on the measured line-averaged

19 -3

density rise are on the order of 0.5 x 107" m “. Given this error bar

the agreement between the two measuvements is very good.



Table 5.3. Comparison of Aﬁé measured by microwave/FIR intarferometer

with that inferred from Ha data for September 5, 1979

Shot Agé from interferometer) Agé (from ﬁa data) )
number (><1019 m ") (XlGlg m‘3) -{><1c~19 w7
15633 2.4 3.7 1.3
15638 3.1 3. 0.5
15639 2.5 3.9 1.3
15641 2.0 2.4 0.4
15642 3.5 3.7 0.2
15643 3.3 3.5 6.2
15644 2.1 3.0 0.9
15646 2.1 3.2 i.l
15647 2.6 3.0 0.4
15649 2.5 2.8 0.3
15551 2.4 2.4 0.0
15656 2.4 2.6 0.2
15557 3.5 3.9 G.4
15661 i.5 i.9 C.4
15667 2.9 2.4 -0.3
15668 1.¢ 1.9 G.0
15669 3.1 3.2 0.1
15678 2.0 2.6 0.6
15679 2.3 2.7 0.4
15681 2.1 2.1 0.0
15682 2.1 i.¢ -0.2
15683 2.4 4.1 1.7
15685 3.2 3.0 -0.2
15686 2.3 2.4 0.1
15687 1.6 1.3 -G.3
15690 1.4 1.1 -0.3
15697 2.3 3.0 G.7

061
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Table 5.3. — cont'4d.

(Ao )AVG Interf = (2.43 % 0.57) « 10'7 o2

(AEQ)AVG Ho = (2.80 & 0.79) x 1017 23

(|a])ave = (0.48 + 0.44) x 10%° 53

(MAVG = (0.37 + 0.52) x 10°7 o 2




Table 5.4. Comparison of An_ measured with FIR interferometer with that

inferred from Hu data for September

11
REREN

1979 (RCA =

,

5 )

Shot An {FIRD A (E D) A
e 2 a
9 -3 19 _j g
number (XlOl' m ) (XIO¢9 m J) {Xlﬂl'[
15858 1.5 i1 —0.4
15860 1.4 1.9 -0.4
15861 1.7 1.5 -0.2
15869 1.8 1.2 -0.6
15872 1.7 1.2 -0.5
15873 1.4 1.6 0.2
15874 1.3 2.4 i1
15875 2.2 1.4 2.8
15877 1.9 2.1 0.2
15885 2.5 1.9 -0.6
15388 2.4 1.9 -0.5
15889 1.2 1.8 0.6
{AE%)AVG FIR = (1.75 + 0.43) x 1017 472
i 14 -7
(A DAVG H = (1.59 = 0.44) x 10t7 o7
; . . i -3
(IA)AVG = {£.51 + 0.26) x 1077 =

e
(A)AVG = (=0.03 * 0.59) x 15°° m

AN
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It should be meotioned that the calculated AE; for September 11,

1979, was found by assuming that the pellet missed the center of the

plasma by 6 cm (RCA = 6 cm). This calculation was repeated assuming the
pellet went through the center of the plasma and the change in (IA[)AVG
was less than 107.

5.4.2 Comparison of postpellet Thomson scattering depsity
and temperature profiles with those inferred from Hx data
i

Figure 5.2 shows average postpellet n and Te profiles calculated
from Ha pellet ablation rvate data for the September 6, 1978, sequence.
The calculation of o, from the data was described above, and Te wasg
found by assuming that the product (n8 . Te) on any flux surface was
constant (local conservation of energy). This figure should be compared
with the n, and Te profiles found from Thomson scattering 1 ms after
pellet injection (Fig. 4.2 of Chap. 4).

Figure 5.3 shows average postpellet o and Te profiles calculated
from ablation rate data from September 11, 1979. The upper plot assumes
that the pellet trajectory was through the center of the plasma. The
lower plot assumes that the pellet trajectory missed the center of the

plasma by 6 cm. These plots should be compared with the postpellet

Thomson scattering data in Fig. 4.30 of Chap. 4.
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The Thomscn scattering and calculated profiles are qualitatively

quite similar, although the Thomson scattering profiles are markedly

Pod .

relaxed from the calculated profiles. This is not surprising. Given

the steep gradients shown 1 ws is a significant period of time to allow
for relaxation.
The average total aumber of electrons in the plasma calculated from

the Ha data on September 6 was 3.8 x 1019, and that calculated from

) 1 .
Thomson scattering was 3.6 x 10 9. The average total number of elec-
troas in the plasma calculated from Ha data from September 11 was 6.0 x
19 . . 19
1077, and that calculated from Thomson scattering was 5.9 x 1077,

Within the error bars of the experiment the agreement between the

Thomson scattering data and the Ha ablation rate data is very good.

5.4.3 Cowumparison of average ablation rate inferred frow H
! s a

signal with_ggufzgf'shielding theory

Figure 5.4 shows the theoretical pellet ablation rate calculated
using the non-self-limiting neutral shielding model of Milora and
Foster.6 The plasma density and temperature profiles used were taken
from curves fitted to the September 6 Thomson scattering data, and the
pellet size and velocity used are the average pellet size and velocity
from the September 6 data. The calculation for the upper plot assumes
that the pellet density remains that of solid hydrogen. The calculation
for the lower plot assumes that the pellet radius blows up at the rate

of 10 m/s for penetration depths greater than 13 cu.
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Fig. 5.4 Theoretical calculation of pellet ablation rate for
plasma profiles of September 6, 19792, using the non-self-limiting
nautral shielding model of Milora and Foster. Pellet radius 1s assumed
to be expanding for lower plot.
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Figure 5.5 shows the theovetical pellet ablation rate for September
6 using the self-limiting neutral shielding model of Milora et 31.7
Again the upper plot assumes the pellet remains solid, and the lower
plot assumes the pellet radiius increases at 10 m/s for depths greater
than 13 cm.

If one reviews the ablation data from September 6, 1979, Figs.
4.11-4.19, the self-limiting ablation model in which the pellet radius
is allowed to blow up seems to most closely resemble the data. One
infers from the hard x-ray data in Chap. 4 that sowme shots had more
runaway electrons than others. This could explain the large shot-to-
shot difference in peak ablation rates for the September 6, 1979, se-
quence.

Figure 5.6 shows the theoretical pellet ablation rate for the
September 11, 1979, sequence. The upper plot uses the non-self-limiting
neutral shielding model, and the lower plot uses the self-limiting
model. The unablated pellet material is assumed to remain solid.

The Scptember 11, 1979, experimental ablation data, ¥Figs. 4.34-
4,43, are different from both models. The ablation rate is less than

predicted by the theoretical models.

5.4.4 Discussion of spikiness of H data
o

In examining the ablation rate data (Hx data) it can be seen that
C
there are large oscillations (spikes) on the ablation raite. The oscilla-

tions have about a 3-us period. The cause of the oscillations is
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unknown, but one can speculate on two possible causes. The first is a
granularity of the plasma profile (perhaps due to magnetic islands?)
with a scale length of about 3 mm. The second possible cause is an
oscillation in the protective ablatant layer around the pellet. The
transit time for ablated material through the ablatant layer is on the
order of 3 us (say ~1.5 mm at 500 m/s), consistent with the oscillation
period.

There is not enough available information to validate or contra-

indicate either of these possibilities.

5.4.5 Comparison of shielding factor inferred from Hm data

with theoretical shielding factor

An instantaneous shielding factor for an ablating pellet may be
defined as

P(r)

g = T6) (eV/atom), (5.2)
where
P(xr) = power imcident on the pellet at plasma minor radius r
in eV/s,
G(r) = ablation rate of the pellet at plaswma minor radius r in

atoms/s.
Figure 5.7 shows the calculated average experimental shielding factor

for the Septembar 6, 1979, data, where

P(r) = el [2T (£)](21c2) (ev/s); (5.3)
r) = A T, r Htp =V/s), .
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n, and Te arve taken from the Thomson scattering data, G(r) is taken from
the Ha ablation rate data, and rp is the pellet radius. For the upper
plot rp was calculated from the ablation rate data assuming the pellet
remained solid. For the lower plot the pellet radius was allowed to
expand at the rate of 10 m/s for penetration depths greater than 13 cm
into the plasma.

With the pellet radius expanding, the shielding factor is seen to
increase approximately exponentially as the pellet penetrates the plasma
until just before the pellet disappears (i.e., 2 straight line is a
reasonable approximation to the shieldiaug factor curve on this log-
linear plot).

It is also possible to calculate a theoretical shielding factor.

.

Figure 5.8 is the ratio of the average experimental shielding factor to
the theoretical shielding factor for the experiment of September 6,
1279, The theoretical model used is the non-self-limiting model of
Milora and Foster. 1In calculating the theoretical shielding factor, the
pellet radius and plasma profiles used are the same as those used in
calculating the experimental shielding factor for the lower plot of Fig.
5.7. The only difference between the two calculations is that the
theoretical rather than the experimental ablation rate is used. This
means that Fig. 5.8 can also be directly interpreted as the ratio of the

theoretical to the experimental ablation rate. The calculation was cut
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off at 2 minor radius of 9 cm because beyond this point the error bars
on the average experimental shielding factor make the calculation mean-
ingless.

The upper plot of Fig. 5.9 is the experimental ghielding factor for
the experiment of September 11, 1979. The lower plot of Fig. 5.9 ig the
ratio of the experilmental to the theoretical shielding factoyr for this
experiment. Again the error bars on the average experimental shielding
factor are vevy large for plasma mionor radii less than 9 cm. For this
calculation the pellet was assumed to vemain at solid density, and as in
Fig 5.8 the rvatlo can also be interpreted directly as the ratio of

theoretical to experimental ablation rates.
5.5 Analysis of Interfercgrams/Shadowgraphs

The interferograms made on September & and 11, 1979, were digitized
and analyzed with the computer. Digitization was accomplished with a
Gerber Scieatific x-y digitizer. The x-y coordinates of each fringe
were digitized at enough polnts for the computer to make a reasonable
reconstruction of the interferogram. Frowm the digitized interferograms,
X 2 (electron density times path length) was calculated for a matrix
of 100-by-100 points covering the interferogram. The first two parts of
Sect. 5.5 will discuss computer reduction of the interferograms to
contours of constant ng X 9 and iuference of electron densities by curve

fitting. The remaioniog parts of Sect. 5.5 will discuss interpretation
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of the computer-reduced interferograms and general characteristics of

the original interferograms.

5.5.1 Reductien of interfercgrams Lo n X % plots

1

Once the interferograms were digitized, they were converted to
plots of n_ x ¢ (electvon density times path length). The velaticonship
between the observed {ringe shift at agy point and n, % is linear (A =

6943 A):

n o x g = (shift in fringes) « (3.2 » 1070 n™%. (5.4)

Thug, given the x-y coordinates and fringe number of a fringe on the
interferogiram, n, x 9 can be calculated by subtracting the fringe number
of the fringe from the number of the unshiited background fringe and
using Fg., (5.4). 1t should be noted that Eq. (5.4) assumes that the
index of refraction is dominated by the electron denzity. If the elec~-
tron density is less than ~20% of the veutral densiity, then the correc-
tion to the refractive iundex due to the neutrals is greater than 107 and
gshould be taken into account. The changes in refractive index due to
electrons and neutrals are exactly equal and opposite in sign (at M =

°
6943 A) when the electvon density is ~2.397Z of the neutral density.

Figures 5.10-5.20 are the computer reconstructicns of the inter-
ferograms and the plots of contours of constaont n, x . DBecause real

data points were available only where fringes existed on the inter-

ferogram, rhe value of n_ x f between fringes was found by solving
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Laplace's equation using the actual data points as boundary conditions.
Both the idea of interpolating in this manner and the computer program
to do it are the rvesult of work at LASL.S The help of P. Forman and B.
Woodworth at LASL, who provided the pregram, and of the people at LASL
who wrote the program is gratefully acknowledged.

.

Solving Laplace's equation using the digitized fringe data points
as boundary conditions guarantees an interpolation that introduces no
extrema; however, it does not preveant saddle poionts, and where values
are changing rapidly and the distance between fringes is relatively
large, this effect can occur. The "scalloping" of the countours of R,
x 8 evident in the plotg at some places is due to this effect and repre-
sents a numerical errvor in analysis of the data., The error 1is not
particularly significant because it introduces a relatively small
change in the position of the n, % contour.

Inside the first closed contour on an interferogram Cbe direction
of phase change is ambiguous. In some physical situations it is clear
that closed fringes inside of closed fringes represent decreasing phase
and increasing o, X 2. In the experiments presented here, however, it
is possible that closed fringes inside of closed fringes represent
additional neutral density and therefore increasing phase. However,
examining the interferograms where closed contours are not present, it
is seen that as one penetrates the high~density region, the fringes are
always shifted in the direction of decreasing phase; therefore, all
closed fringes inside of closed fringes are interpreted as being in the

direction of decreasing phase and representing additional a, x 2.
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The problem of correcting for neutral density has not been solved.
The approximate number of neutrals remaining when the interferograms was
made is known, but their distribution over the interferogram is not
known. The n, X g calculated and plotted is, therefore, a lower limit
on the actual n, L.

The computer-analyzed interferograms from September 6 arve presented

in order of increasing ablation rate. The interferograms from September

11 are presented in order of decreasing remaining pellet mass.
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5.5.2 Curvve fitting — calculation of electron density from
n_ x g data

e

1f symmetry of some form is assumed then it is possible to cal-
culate electron densities from the n_ X ¢ data. Suppose that one

assumes nc(r) has the following functional form:

A
2, 20y
er [1 + B(r /rp) ]

Exp[w(r/rp)z/r;]

ne(r) = (5.5)

where A, Ty B, and y are undetermined constants, r is the radial
distance from the pellet center, and rp is the actual instantaneous
radius of the pellet, assuming solid density and spherical structure.
Then n_ x 2(r) can be calculated for any ray, where r is now the distance

of the closest approach of the ray to the pellet center:

s

x

Exp[~(r2 + pz)/(fgrg)] dp

2A
n_ x 2(r) s
{1 + B[(r2 + pz)/fily}

e T or
p

. (5.6)

Equation (5.6) is just the integral of electron densily along the path

o

of the ray. Makiog the substitutions

r’ = (r/rp),

the integral becomes
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B e T VIS Y
. > (5.7)

n, X (r") = A
o [+ B+ )Y

Using the above function for n, x L, curves have been fitted to the o, X
2(r) data from the interferograms. For each interferogram n, x 2(r) is
plotrted in four different directions away from the point of maximum n, X
%, which is arbitrarily taken to be the pellet center. Then a nonlinear
least—squares curve-fitting program is used to fit Eq. (5.7) to the data
in each direction. The fitting is done iteratively using a Taylor

sevies analyvtic expansion for chi-square, the weighted sum of the squares

of

the error between the fitted curve and the data.9 The computer
program used to do the curve fittiog and solve for the parameters A, B,
r,, and v was written by E. A, Lazarus of ORNL.

The four directions chosen to fit curves were the directions para-
llel and perpendicular to the toroidal magnetic field. The direction
called forward is the direction of the pellet's flight toward the center
of the tokamak. 7The direction called backward is opposite to forward.
The direction called electron side is antiparallel to the toroidal
magnetic field on the side of the pellet that would see the electron
drift velocity. The direction called ion side is opposite o electron
side. Equation (5.7) was evaluated at each fitted data point on each
iteration by performing the indicated integral numerically. It took
approximately two hours of CPU time on the ORNL Fusion Energy Division

DEC-10 to fit four curves to an interferogram.
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Figures 5.21-5.26 are the n, x ¢ data, fitted cucvves, and cal-
culated ne(r) for three typiecal interferograms from the September 0
data. Note that the y-scales have been made dimensionless by dividing
through by their maximumn value, which iz noted on the plot. The curve
fitting was actually done in this nondimensional form, so the A pava-
meter value listed must be multiplied by the mazimum value listed on the
plot (listed as "MAX'"). There are five data points between symbols on
the pletted curves. The x-gzcale has also been made dimensionless by
dividing by the listed value of T (the pellet radius assuming solid
density). The parameter listed as X2 ot the plots is the reduced chi-
square, the sum of the squaree of the errors between the data and the
fitted curve divided by the estimated error at each data point and
divided by the degrvees of freedom (number of data points minus number of
fitting parameters).

The shots picked for analysis are rypical stages in the pellet's

1

life for the September 6 data. Shot 14455 i3 early in the pellet's
life, shot 15685 is toward the middle of its life, and shot 15678 has
caught the pellet just before complete evaporation.

What can be noticed in examining the fitted data and calculated
electron densities is that they ave distinctly asymmetric. The plotted
n, X % tends to fall off wmuch faster in the forward direction than ion

any other direction, and the falloff in the directions parallel to the

magnetic field is not as sharp as the falloff perpendicular to the
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magneiic field. DBecause syumetry was assumed in calculating ne(r), the
actual asymmetry is probahly larger than calculated. The assumption of
symmetry tends to mask asyumetry.

Figures 5.27-5.32 are the n_ x ¢ data, Titted curves, and calcu-
lated ne(r) for three typical interferograms from the September 11,
1979, data.

A general coument is in order before discussing the September 11
fitted curves. In examining all of the interferograms and shadowgraphs
from September 11, the area of solid pellet mass appears to be elongated
perpendicular to the magnetic field. That is, it appears that the
pellet is ablated faster from the sides than the ends. With this obser-
vation in mind, the same general comments made concerning the September
6 data are still applicable. The wore rvapid falloff of the electron
density perpendicular as opposed tou parallel to the magnetic field can
still be seen in the original interferograms, but it tends to be masked
in the n, x ¢ plots by the elongation of the solid pellet material
perpendicular to the magnetic field.

Again the data presentoed are typical of earlier in the ablation and
toward the middle and close to the end of the pellet's life (shots
15888, 15876, and 15872).

It should be kept in mind that no attewpt has been made to correct
the data for neutral hydrogen density. Close to and inside the r = r
surface, these corrections could be large and might make the inferred n_

x % and n_(r) up to an order of magnitude larger. The correction is not
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1

so large outside the region of "solid" pellet and is larger inside the

n

solid" regioun,

5.5.3 Discussion of asymmetrvies

The obseyrved asymmetry perpecdicular and parallel to the magnetic
: =+ >
field can probably be explained in terms of the J x B force on the ex-

panding ablatant. Tf the ablatent is partially ionized, a current is

induced as it tyries &o expaud across the magnetic field,

> s e ..

J= ol x 1), (5.8)

- .
where V ig the 2 i

ablatant velocity, ¢ is dits conductivity, and B is the
e . 100 (emy Tk T 150¢
magnetic field. Taking o = 6.4 x 107 (flem) as in Sect. 5.1, v = 1500

m/s (p=ller velocity + ablation velocity), B = 1.5 T, and

3 ¥y 2 b
¥Lo o= J x BL = ogvBL = 2 x 10 Pa. (5.9)
This should be compared with the ablatant pressure. Assuming the

neutral ablatant teaperature to

1
i

be about 20 X, and its density an

order of magnitude lavrger than the electvon density, which (Sect. 5.2)
. ~25 =3 1 .
is 0.5 x 1677 w 7, and taking the electron temperature to be 1 eV, the

total ablatant pressure is

5 1
P = (neqTe + nokTO) = 8 x 107 Pa. (5.10)

Very close to the pellet surface the ablatant pressure dominates;
however, a factor of 2 ioncrease in teuwperature, decrease in deunsity, and

increase in velocity will make them the same order of magnitude. It
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takes relatively little heating and expansion for the J x B force to
significantly impede flow perpendicular to the magnetic field. The
experimental data show strong discontinuities in electron density (see
Sect. 5.5.4) preceding and following the pellet. These discontinuities
are on the order of a third of a pellet radius from the pellet surface.
Evidently the 7 x B force rapidly becomes important.

There are also significant asymmetries in n, 9 along the two
dimensions parallel to the magnetic field. On the side of the pellet
facing the electron drift velocity, n, x & seems to increase smoothly
and continuously into the pellet surface; on the side facing the ion
drift velocity, there is generally a sharp discontinuity at the pre-
sumptive boundary of the pellet. Also, once outside the solid boundary
n, x 2 seems to fall off more rapidly on the electron side than on the
ion side. This asymmetry parallel to the magnetic field can be explain-
ed only in texms of some asymmetry of the electron distribution function
or perhaps by a rotation of the plaswa as a whole. Whatever the cause,
it appears that the ablatant is a fluid above the critical pressure on
the side of electron drift velocity impact, where there are generally
not discontinuities, but that it does not exceed the critical pressure
on the ion side, where the discontinuity is obvious. The more rapid
falloff of n, X 2 outside the solid boundary on the electron side could
be caused by more rapid heating and therefore acceleration of flow on

the electron side.
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5.5.4 Digcussion of discontinuities in n, o L preceding

and following the pellet

Returning to the original interfercgrams and shadowgraphs of Chap.
4, discontinuities ave observable preceding the pellet on the electron
side and following the pellet on the ion side. The interferograns/
shadowgraphs of shots 15679, 15683, 15685, and 15699 are good examples

of these discontinuities. The discontinuities take the form of a dark

7 1"

line in a bright regionm on the shadowgraph and of a faint dark "hitch
in the fringes on the interferograms. Considering that we are looking
at the integral of ne'- d2, the fact that the discontinuity is visible
at all means that it is a strong discontinuity. The discontinuity might
o = -
be explained in terms of the J x B force of the previous section. One
» . . . —* =g .
possibility is that the back pressure from the J x B force is causing
the ablatant velocity to go from supersonic to subsonic (i.e., a shock).
The other possibility is that it is a2 magnetic discontinuity where the

ablatant pressure is being taken up by a thin current sheet; i.e., Vp

> ¥ ¥
T x B and J exists in a thin sheet.

5.5.5 Discussion of apparent large electron densities in
the regions of dense neutral hydrogen

Perhaps the most surprising and puzzling feature of the interfero-
grams is that they show apparent large free-electron densities in the

region of high-density neutral hydrogen material. Knowing that the
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electron and neutral hydrogen indices of refraction are about equal when

rr

(n /n, ) = 0.024, the electron density in
¢

{ he region of solid hydrogen
2

can be estimated as v s0lid hydrogen densit or Vv 8 x
y g s

&

oy 7
. Ea el ] o N . . . . .
10 m ~. The euergy necessary to produce this amount of ionization is

trivial, assuming v16 eV per electron and a 1 wm diameter sphere:

. -2
Fo= 6.7 x 10 J

3

compared with stored energy in the plasma of ~3 x 107 J. The problewm is

that typical recombination times are on the cvder of picoseconds. For

. . . . . .. 3 -
instance, the dissociative recombination coefficient” for e + H, ~
L
o - o =14 3 - . . .
20 4s a = 4 = 10 m /s at T = 0,01 eV. Then the recombination time
e

woitld bea

-12
- l/npu = 0.03 x 10 12 s.

There is an obvious problem. No good explanation for the apparent high
density of free elecirvons in the neutral hydrogen has been advanced. It

will simply be described as anomalous.
P

~
L

An estimate can be made of the ionization fraction of the material
ablataed from the pellet. An energy loss equation, the incident-electron

temperature, and the cbservead value of o, X 9 at the pellet surface are

sufficient for this estimate.
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The evergy loss equation for electrons incident oo partially ion-
ized hydrogen can be found from the work of Felber, Milier, Pavks,

) 10
Prater, aond Vaslow to be

dE/de = ZLO(E)HHZ + ZLQ(u)ne, (5.11)
where
. 8 ~0.12¢
L_(8) (eV - w’) = 8.62 x 100 [¢e/100 7823 L /a0y 0 120

1.94.,~-]

+ (B/4R) 7T, (5.12)

6 0.94 ~0.03

L (8){eV - W’y = 2.23 x 10750y n, , (5.13)

and where

E = ZTe(eV) = twice plasma eleclron temperature,

n_ % ablated electron densiny (mmj), and
_ . -3
n, F ablated neutral hydrogen density (m 7).
2

Letting dE/de = E/2 and defining

i = ne/(nHz + 0.0, (5.14)

fg. (5.11) becomes

1 - £,
E = . PSS, 1.; Y e 3 z
E : (ne 2) fi (ZLO) } ZLe . (5.15)

Solving ¥g. (5.15) for f_i zives

-1 -
= g Z 4 — I, , .
£, [L/(~Lonel) + 1 Te/lo] (5.16)
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Using parameters typical of the data from September § and Septembev 11,

1979,
E = 2000 eV,
e
—1
n =1 x 1024 m ",
e
n, x 4= 3.2 x 1021 m’z,

one finds that

"
£, = 0.23.
i
The above calculation can only be described as an estimate of the
ionization fraction of the ablation material, but it does indicate that
the ablated material is significantly ionized.
This calculation is based on the premise that approximately 100% of

the incoming plasma energy is absorbed by the ablated material. This

assumption is experimentally justified.
it y

5.6 Summary of Chapter 5

Section 5.1 discussed the downward curvature of the pellet trajectory
and showed that it could be explained by a front-to-back current in the
ablated material.

Section 5.2 discussed the effects of runaway electrons on a solid
hydrogen pellet and showed that a relatively small runaway current could
cause a rapid increase in the pellet radius (decrease in density of the
pellet material). This process is important because il can greatly

increase the ablation rate of the pellet.
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In Sect. 5.3 it was shown that charge exchange losses due to pellet
injection were too small to measure with the available diagnostics.

Pellet ablation rates inferred from Ha photon emission were dis-
cusged in Sect. 5.4. In the first two parts of Sect. 5.4 it was shown
that the inferred ablation rates were consistent with the measurements
of other diagnostics. In the remainder of Sect. 5.4 the experimental
ablation rate was compared with the neutral shielding theoretical model,
and it was shown that at high Te the experimeotal ablation rates were a
factor of 2-8 lower than the theovretical model would predict.

Section 5.5 was devoted to the analysgis of interferograms. The
interferograms were digitized and analyzed with the computer to produce
plots of 0, X . Curveg were then fitted to the n_ x 2 data, and elec-
tron density was inferred assuming spherical symmetry. It was found
that the actual data were rather asymmetric, with slower falloff of
electron density parallel to magnetic field lines. The more rapid
falloff of n, x 2 perpendicular to the magpetic field was explained in
terms of the J x b forece on the ablated material. The fact that discon-
tinuities in n_ X 2 are observed was discussed, and it was suggested
that these discontinuities represented either shocks or magnetic discon-
tinuities. The appavrent large oumber of free electrons in the high-~
density neutral hydrogen was discussed and described as anomalous. An
energy loss equation and experimental data were used to estimate the
ionization fraction of the ablated material. It was found that fi N

0.23.



10.

204

References

C. A. Foster, R. J. Colchin, S. L. Milora, K. Kim, and R. J.
Turnbull, Nucl. Fusion 17, 1067 (1977).

N. A. Krall and A, W. Trivelpiece, Principles of Plasma Physics,

McGraw-Hill, New York, 1973.

C. F. Barnett et al., Atowic Data for Controlled Fusion Research,

ORNL--5207, Oak Ridge National Laboratory, Oak Ridge, Tennessee
(1977).

R. D. Evans, The Atowmic Nucleus, p. 625, McGraw—-dill, New York,

16772,

R. D. McCarty, Hydrogen Technological Survey - ‘thermophysical

Springfield,; Virginia (1975).

§. L. Milora and C. A. Foster, IEEE Trans. Plasma Science PS-6, 5/8
(1978).

S. .. Milora, C. A. Foster, P. H. Edwmonds, and G. L. Schmidt, Phys.
Rev. Lett. 42, 97 (1979).

P. R. Forman (Los Angeles Scientific Laboratory), private communi-

cation, 1980.

P. K. Bevington, Data Reduction and Error Analysis for the Physical

Sciences, McGraw-Hill, New York, 1969.
F. S. Felber, P. H. Miller, P. B. Parks, R. Prater, and D. F.

Vaslow, Nucl. Fusion 19, 1061 (1979).



205

Chapter 6

Conclusions, Summary, and Recommendations

6.1 Conclusions

1) Holographic interferometry has bean shown to be a useful and

relatively inexpensive and easy to use dlagoostic for the study of

pellet ablatiopn in high-temperature plasmas.

2) TInstantaansous pellet ablation rates joferred from the emission

of Hx photons have been shown to be in reagsonable agreemant with the
(34

results of other experimental diagnostics (microwave/FIR interferometry

and Thomson scattering).

3) Comparison of cxperimentally observed ablation rates with the
predictions of uneutral shielding theory indicates that some additicnal

mechaoism is enhanciag the shielding of hydrogen pellets from the high-
temperature background plasma. The trend of the data indicates that at

reactor temperatures shieldiag of the pellet could be an order of magnitude

greater than predicted by neutral shielding theory.

4) The interferograms and shadowgraphs presented from the Septemn-

ber 11 experiment show that when the pellet is not "blown ap" by noo-
s, it is preferentially ablated from the "sides™ (wur-

faces perpendicular to the magnetic field).
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5) The time-exposure photographs (Sect. 4.4), the low level of
charge exchange energy loss, the interpretation of the downward curva-
ture of the pellet trajectory, and the n, X 9. data from the interfero-
grams all add up to iundicate that at higher ablation rates the material
ablated from the pellet is significantly ionized, even very close to
the pellet surface.

6) Analysis of the interferograms indicates that at higher abla-
tion rates the flow of ablatant away from the pellet surface perpendicular
to the magnetic field is impeded. This is a possible explanation for
the observed enhanced shielding of the pellet.

7) The presence of high-energy electrons has been seen to cause
the pellet to blow up and greatly increase the ablation rate. However,
this should not cause difficulty for a device that is continuously
fueled by pellet injection. The hard x-ray data show that the injection
of a pellet removes high-energy electrons. Unless some mechanism is
present that continuously produces a significant high-energy tail, only
the first pellet or two injected should see any nonthermal electrons.

8) It has been shown that local charge exchange losses due to
pellet injection are very small, on the order of 0.17% or less. These
losses were too small to be measured within the sccuracy of the avail-
abhle diagnostics.

9) The pellet ablation rate was observed to have very fast
(v3 us) large amplitude oscillations. These oscillations could be

due either to short scale length fluctuations in the plasma tempcrature
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and density, or to oscillations in the shielding cloud around the
pellet.

10) The ioferred presence of large numbers of free electrons
io the high-density neutral hydrogen region remains a puzzling and
unsolved mystery.

11) The high fractional ionization of the ablataut calculated
from the n, % 9 data shows that theoretical modeling which assumes Saha
equilibrium at a single temperature is not appropriate. Instead, the
ionization fraction of the ablatant should be calculated by extending
the theoretical model to allow for a separate electron temperature or
by balancing the rates of recombination and ionization.

12) The experimental results and conclusions presented here should
be taken for what they are: a preliminary ianvestigation of the use and
usefulness of refueling plasmas with solid hydrogen pellets. A great
deal of work remains to be done before pellet injection becomes an
everyday tool for continuous refueling, and the results presented must
stand the test of additional experimental investigation. However,
what has been seen is very encouraging for the future of pellet
refueling. The observations of enhanced shielding presented hevre, taken
with the work of others on transport after pellet injection,l’2 indicate
that the refueling of fusion reactors can be accomplished by refining
the exigting technology — no new technological breakthroughs will be

required.
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Chap. 1 introduces the problem of pellet fueling of fusiocn devices.
Prior to 1974 there was no experimental data concerning the interaction
of plasmas with solid hydrogen. Since 19/4 there have been experiments
reported at RISO, Garching, and ORNL. The experimental work presented

here uses new and existing diagnostic techniques

for an experimental

he ablation of ~1 mm solid hydrogen pellets injected into the

study of ¢
ISX-B tokamak at velocities of 1000 m/s. The new diagnostic techniques
used are holographic interferometry and shadowgraphy of the pellet as

it ablates. These techniquesg measure the local electron density arcund
the pellet and the remaining area of solid hydrogen. The pellet abla-
tion is also diagnosed by observing Ha photon emission, and by using
conventinnal tokamazk diagnostics (microwave/FIR interferometry, Thomson
scattering, radiometry).

The experimental apparatus is described in Chap. 2. Design of the
holographic interferometer is based on work done at TRW and at LASL.
Holographic interferograms are normally focussed at the plane of the
photographic plate, however, if they are out of forus due to displacement
of the object, the replayed wave can be refocussed. This is a tremendous
advaniage of holographic interferometry over other forms of interferometry.
The downward curvature of the pellet trajectory would have otherwise made

the experiment impossible. An analysis is presented of the corrections

to be made in wagnification of the pellet, due to displacement of the
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pellet from the focus of the interferometer optics. A precision velocity
dependent digital diagnostic timer was designed to trigger the holographic
laser, and other diagnostics, when the pellet was at the desirved peint
in the field of view of the interferometer. Timing jitier was 5 us.
Existing theoretical models of pellet ablation are briefly reviewed
in Chap. 3. The existing models are discussed in light of experimental
work., The conclusion is that it will be necessary to extend existing
theories in order to ezplain experimental results,
The data from the experviments on ISZ-B are presented ia Chap. 4.
The data ave given with as little manipulation as is reasonable. Experi-
mental vesults from two days are presented. On September 6, 1979, an
experiment was performed at low He and high Te(r = 0). The results
of the experiment were dominated by the presence of runaway electrons
in the discharge. On September 11, 1979, an experiment was performed

at higher o and lower Te(r = 0). The data from both days include:
Thomson scattering density and temperature profiles immediately before

and after pellet injection, microwave/FIR line average density immediately
before and after pellet injection, local energy loss measured by a
radiometer below the pellet injection port, hard x-ray measurements

(from September 6 only), instantaneous pellet ablation rates inferrad

from Ha data for a nuwber of shots, and interferograms and shadowgraphs

made of the pellet ablating at various positions in the plasma. In

addition to the above, time exposure photographs of the light emitted
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by the ablating pellet are presented. These photographs were made using
the shadowgraph optics of the interferometer, with the ruby laser line
filter removed. These photographs exhibit bright streaks aloang the
magnetic field lines which correlate with the observed oscillations in
pellet ablation rate (discussed in Chap. 5).

Data analysis is domne in Chap. 5. The experimental evidence of
downward curvature of the pellet trajectury is discussed. It is shown
that a front to back voltage potential in the ablatrion cloud approximately
equal to the temperature gradient could drive enough current to cause
the observed curvature of trajectory. Postpellet line-average density
and density and temperature profiles are calculated from the experimentally
inferred instantaneous ablation rates. These calculated quantities are
compared with the microwave/FIR interferometer and Thomson scattering
measurements and fouand to be in good agreement. The experimentally
inferred average pellet ablation rates and shielding factors are com-
pared with the predictions of the neutral shielding theoretical model.
It 1s found that at higher electronm temperatures the ablation rate is
two to eight times less than predicted by the theoretical model. The
observed large amplitude fast time scale oscillations of the pellet
ablation rate are discussed. It is suggested that they are due either
to plasma density and temperature fluctuations on a 3 mm spatial
scale, or to oscillations in the shielding cloud around the pellet.

Computer analysis of the interferograms is presented. Plots of contours



211

of constant o, x f are given for each interferogram. The n X 2
data is used to calculate electron density profiles in four directions
from the center of the pellet. The profiles are fouud to be asymmetric.
Examination of the original interferograms and shadowgraphs shows that
the flow of ablated material away from the pellet is impeded perpendi-
cular to the magnetic field. Discontinuities in the refractive index
are observed and these are interpreted as either shocks or magnetic

> -
discontinuities due to the J x B force, An energy loss equation ig used
Lo shéw that the ionization fraction of the ablated material close to
the pellet is ~20%. This is a low estimate, since it uses the perpendi-
cular n_ % (rather than parallel, which would be larger), and does
not account for elastic scattering energy losses. These corrections
would make the ionization fraction higher. Also, only an average, not
the maximum, value of o, *x § is used in the calculation. The apparent
large free electyon densities in the remaining high density neutral

hydrogen are discussed and described as anomalous.

Conclusions immediately precede this summary.
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6.3 Recommendations for Further Werk

1) The study of continucus fueling with pellets should be given
high priority. The effects of both the pellet on the plasma and the
plasma on the pellet need to be thoroughly situdied. 1In order to accom-
plish this, reliable pellet injection devices capable of continuous
refueling must be developed. This work is under way at ORNL and should
be pursued vigorously.

2) The intevaction of pellets with neutral beams and neutral-beam-
heated plasmas should be examined. Some preliminary work bas already
been done at ORNL.

3) An advanced holographic ionterferometer should be designed and
used for ablation studies on one of the latest generation of experimental
devices (ISX-C, PDX, Doublet-ITlT, ...). Some of the features of this
interferometer woiild be production of multiple interferograms for each
pellet, spaced in time, and two-frequency holographic interferometry
(suggested by C. T. Chang, private communication, 1979) which would
unambiguously give simulianeous electron and neutral density profiles.

4) A fast time scale Thomson scattering experiment should be
performed. Electron density should be measured at each plasma radius in
V100 us intervals following pellet injection. This would give experi-
mental data on fast transport processes and also allow a better experi-

mental verification of the Hu inferred pellet ablation rate.
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5) Pellet ablation experiments at near reactor conditiens nead to

]

be performed. These experiments should give experimental scaling laws

onstrate continuvous fueling at

6) The ohserved asymmetry of pellet ablation parallel to the
magnetic field deserves more attentlon. Measurements of parallel slec~

tron temperature and plasma rotation immediately before and after pellet
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curvent flows and magnetic shielding effects in pellet ablation.

8) The inferred large free elasctron densities in the high density
liydregen should be studised. Perhaps these densities could be explained
by a conduction hand, or some local trapping of the electrons in the
higl

gh density hydrogen.

9) Experiments using fwpurity doped pellets were proposed in
1977.7 These sxperiments would give valuable informaticn on impurity
transport with pellet injection.

10) Finally an extended theoretical model of peller ablaticn needs

to he develeped. This model should take account of the experimentally
cbserved asymmetries and high ionizatioon fraction of rhe ablated pellet
material. It may be necessary to develop a two~dimensional, ltwo-temperature
model to properly account for the interacticns of the ablated material

with the magnetic field.
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APFPENDIX

[+]
Index of Refraction — Interaction of 6943 A
(Ruby Laser) Light with Neutval Hydrogen
and Plasma :

A.]l TIndex of Refraction of HZ and Caleculations of H7 Density Necessary

for a Shift of One Fringe

1, . . .
Souers  gives an equation for the index of wefraction of all phases
[+]
of hydrogen at A = 5462 A:

)

N =1+ (3.15 x 10 Do, (A.1)

. ; . . . , 3
where N is the refractive index and p is the density in mole/m”. Con~
varting to molecular hydrogen density gives

N o= 1+ 5.198 x 10 0n_ (A.2)
)

where 0y is the number of monlecules of hydrogen per cubic meterxr.
2

This should be corrected to A = 69243 A. 7The Lorentz-Lorvenz func~

tion is defined as
2

) (Nx - 1)

r, = - §w~--(m kg
O(NA + 2)

1

), (A.3)

where Nk ig the index of refraction of waveleongth A and o is the density

in kg m“3. Solving fov NK [drop terms in (prx)z],

or (A.4)

§e
N W

(NA - 1) A



Then for waveleungths A, and A

1 2
N, - 1B r,
1 v .
ag;“':ﬁjj; - f?'“ . (A.5)
= -

Corruccini™ gives corrected experimental values of €y for liquid novrmal

s

hvdrogen,

[+
rk(5460 Ay = 1.032 {cm /o),

[o} ol
r)(6939 A) = 1.018 (em/g),
so that for 0943 A
N -30
(N - 1), = 5.13 %10 " n, . (A.6)
k{ ? s 2

Then for a shift of one wavelength path difference from vaccum,

(N - 1), 2= (513 % 100 )0, e, (A7)

2 2

o
or for A = 6943 A

~

n. 9 o= 1.35 x 1070 (@ 7). (A.8)

. 23
In words, a molecular liydrogen density times path length of 1.35 x 10

-7
m ~ will cause an interferometer to detect a phase change of 2w or a

fringe shift of one fringe when the wavelength used tco make the measure-

o

ment is 6943 A.
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A.2 TIndex of Refraction of a Plasma and Calculation of n_ Density
P Nt <
for a Shifit of One Fringe

it is well known for frequencies much greatsr than the plasma

frequency wpg the index of refraction of a plasma is given by

2
-1 Y.t (4.9)
777 ’
5]
D

wheire

w = freguency of iuterest,

Hi

2
W n_q /meo = plasma freguency, and
o

-3
electron denaity (m 7).

tit

1)
e

o

Ly
B
Nt

Putting in the constants gives (A = 6943

(M~ 1) = ~2.15 x 10"'28 n,- (A.10)

Then for a change of mivus one wavelength path difference £

28
O - D)o = -2.15 x 10727 n_ €= h (A.11)

o

Or for A = 6243 A

21, ~2
o ¢ = 3.2 x 10 (m 7). (A.12)

. I ~21 -2
That iz, an electron density times path lemgth of 3.2 x 10 m T owill

cause an interferometer to detect a phase change of ~2w ov a [ringe

ghift of minus one friuge.
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